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Editorial on the Research Topic

Osteoporosis and the Role of Muscle

This Research Topic, Osteoporosis and the Role of Muscle, began as an exploration of the effect
bone resorption had on muscle wasting and the contribution of the latter to falls and fragility
fractures. As contributions began arriving for this topic, it became clear that the subject had many
more aspects than was initially conceived. In fact, papers have approached this topic from the
standpoints of creation of a new model to study bone and muscle crosstalk, neurologic illnesses and
spinal cord injury as a means to understanding the relationships between bone and muscle, genetics,
cell biology, biomechanics and nutrition, along with the original translational concept of the
biochemical interactions of bone and muscle.

Biguetti et al. developed a mouse model involving surgical injury to the vastus lateralis muscle
and the femur in which to study simultaneous healing of muscle and bone in relation to age, sex, and
the 5-lipoxygenase pathway, knockout of which demonstrated less inflammation than in wild
type animals.

Lin et al. using a weighted gene co-expression analysis of micro RNAs, messenger RNAs and
genes that are osteoporosis related to identify a potential micro- and messenger RNA regulatory
network. While this study did not specifically mention muscle, if these same bioinformatics
techniques were to be used to develop a micro and messenger RNA regulatory network of gene
expression in muscle, it might be possible to draw an intriguing comparison of regulatory networks
for gene expression in bone and muscle and their relative actions in osteoporosis, as well as other
related conditions.

In a slightly different approach to muscle-bone interaction studies, Zhang et al. examined the
effect of vitamin D supplementation on hand grip strength in a review and meta-analysis of 13
randomized controlled studies in post-menopausal women. The outcome demonstrated an
improvement in handgrip strength, though not in timed Up and Go studies, raising the
possibility that vitamin D supplementation may selectively improve only certain muscle function
in the elderly.

Studies in biomechanical influences of muscle on bone were reported by Luscher et al. in trained
long-distance runners compared to untrained controls using serial peripheral quantitative
computed tomography. While the runners had greater bone strength and stiffness in the tibia,
they also had lower lateral bending stiffness in the fibula. The authors suggest that this adaptation
could improve energy storage during locomotion, implying a novel biomechanical role of the
n.org June 2022 | Volume 13 | Article 95129815
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skeleton beyond transmitting force and resisting fracture.
Nutrition was also examined in high-performing athletes as
Heikura et al. demonstrated that a ketogenic diet in elite race
walkers impairs biomarkers of bone formation while increasing
markers of bone resorption, potentially leading to a low-
formation, high-resorption state following exercise, making the
case for further study of the biochemical effects of a high fat, low
carbohydrate diet on the musculoskeletal system of elite athletes.

Two articles examining cell biologic aspects of muscle and bone
metabolism included one by Xu et al. that finds that hypoxia-
inducible factor-1 alpha (HIF-1a) in MC3T3 osteoblast-like cells
exposed to dexamethasone triggers a pathway via pyruvate
dehydrogenase kinase-1 (PDK-1) that will phosphorylate the
AKT/mTOR anabolic pathway. This pathway is suppressed by
dexamethasone exposure. It would not be surprising if this same
pathway is active in skeletal muscle as well as glucocorticoid
exposure is known to produce oxidative stress in both bone and
muscle and result in up-regulation of the FOXO genes that that
impair osteoblastogenesis and muscle protein synthesis (1, 2).

A review by Chen et al. examines the role of N6methyladenosine
(m6A) in the form of m6A methyltransferase METTL3, which is
involved in the osteogenic versus adipogenic fate of marrow stem
cells. Knockdown of METTL3 suppresses expression of runx2 and
osterix, which are critical steps in osteoblastogenesis and can also
reduce expression of VEGF.M6A inmuscle myoblasts controls their
transition to other muscle cell states (3, 4). This is an epigenetic
factor that exists in both bone and skeletal muscle and the
coordination of actions in both tissues is worth further study.

In manuscripts covering the spinal cord and central nervous
system, Iolascon et al. discuss the current treatments available for
neuromuscular disease and makes us appreciate the complexity of
interactions among muscle, bone, and nerves. It is clear that we
have much to learn before we can propose a truly integrated model
Frontiers in Endocrinology | www.frontiersin.org 26
of muscle, bone and nerve, in the regulation of muscle and bone
mass and function. Invernizzi et al. in the meantime review the
available treatments for the joint loss of bone and muscle in spinal
cord injury. While this review is state of the art, it also leaves us
with the need to investigate more thoroughly the relationship
between muscle and bone loss in neurologic conditions.

Finally, we return to the original idea in the role of muscle in
osteoporosis. That is, that the bone on resorption liberates
transforming growth factor beta (TGF-b), as shown by Pin et
al. in pediatric burns and by Essex et al. in cisplatin-treated mice.
The use of anti-resorptives, pamidronate in the case of pediatric
burns and zoledronic acid in the case of cancer-treated mice,
protected the bone and muscle mass in each case, demonstrating
that is a factor released by bone that contributes to, if not being
wholly responsible for, muscle wasting in these conditions. In the
case of myoblast studies of Pin et al. the TGF-b released from
bone suppressed the phosphorylation of the anabolic AKT/mTor
pathway and increased expression of ubiquitin of the catabolic
ubiquitin ligase pathway. These findings explain the original
report of the characterization of muscle protein preservation
with use of bisphosphonates in pediatric burns (5)

This entire collection of articles provides for the first time a
focus on a variety of different aspects of muscle and bone
interaction in a variety of conditions and with more study of
this emerging area we hope that more definitive treatments can
be identified that can alter the mechanisms that lead to bone loss
and consequent muscle wasting.
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Not only has pamidronate been shown to prevent inflammation associated bone

resorption following burn injury, it also reduces protein breakdown in muscle. The aim of

this study was to identify the molecular mechanisms responsible for muscle mass rescue

in pamidronate treated compared to placebo/standard of care-treated burn patients.

Mature myotubes, generated by differentiating murine C2C12 myoblasts, were exposed

for 48 h to 1 or 5% serum obtained from 3 groups of children: normal unburned, burned

receiving standard of care, and burned receiving standard of care with pamidronate.

Exposure to serum from burned patients caused dose-dependent myotube atrophy

compared to normal serum as expected based on previous observations of muscle

atrophy induced by burn injury in humans and animals. The size of C2C12 myotubes

was partially protected upon exposure to the serum from patients treated with

pamidronate correlating with the rescue of muscle size previously observed in these

patients. At the molecular signaling level, serum from both pamidronate and non-

pamidronate-treated burn patients increased pSTAT3/STAT3 and pERK1/2/ERK1/2

compared to normal serum with no significant differences between the two groups of

burn patients indicating elevated production of inflammatory cytokines. However, serum

from pamidronate-treated patients restored the phosphorylation of AKT and mTOR

and reduced protein ubiquitination when compared to burn serum alone, suggesting a

prevention of muscle catabolism and a restoration of muscle anabolism.Myotube atrophy

induced by burn serum was partially rescued after exposure to a pan anti-TGFβ-1/2/3

antibody, suggesting that this signaling pathway is partially responsible for the atrophy

and that bisphosphonate protection of bones from resorption during burn injury prevents

the release of muscle pro-catabolic factors such as TGFβ into the circulation.

Keywords: burn, muscle wasting, pamidronate, TGFβ, muscle catabolic factors
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INTRODUCTION

Unintentional burn injury in the pediatric population is one of
the common causes of mortality and morbidity, representing the
fourth cause of death in the United States according to theWorld
Health Organization (1). The total cost of unintentional pediatric
burn injuries was estimated at 2.1 billion dollars (2).

Burn injury, in addition to damaging the site of burn, can

produce a systemic response, especially when the injured skin

surface covers >20% of the total body surface area (3). The
extensive thermal injury is accompanied by acute catabolism
resulting in lean mass and muscle wasting, negative nitrogen
balance, and bone resorption. Other important long-term risks
can be growth delay and increased risk of fracture (4, 5).

Among the underlying adaptive responses to burn injury
that contribute to this catabolic response are the systemic
inflammatory response resulting in increased inflammatory
cytokine production, such as interleukin (IL)-1 and IL-6 and
the acute stress response, resulting in the increased production
of endogenous glucocorticoids (4, 6). Muscle wasting results
in a negative muscle protein balance, reduction of muscle
mass followed by a functional deficit. This event begins acutely
but is sustained over the first year post-burn and can impair
rehabilitation compromising the recovery (7). During the acute
phase post-burn, the balance between protein synthesis and
degradation is impaired, leading to skeletal muscle atrophy
(8). This alteration seems to be predominantly mediated by
the hyperactivation of the ATP-ubiquitin-proteasome system
through the inflammatory response (9). Bone resorption begins
on the first day post-burn (10) and continues over the first 2
weeks resulting in a loss of up to 7% lumbar spine bone mineral
content and density by 3 weeks post-burn (11). Up to 3% of total
body bone mineral content is lost by 6 months post-burn (11).
The incidence of post-burn fractures is elevated in children and
estimated at 15% (12).

In a previous publication, Klein et al. (11) found that a
single administration of the nitrogen-containing bisphosphonate
pamidronate within 10 days of the burn injury eliminated
resorptive bone loss and preserved bone density in a randomized,
double- blinded, placebo-controlled study of severely burned
children. Bisphosphonates are anti-resorptive agents which
accumulate in bone matrix, and on resorption, are taken
up directly by osteoclasts. They inhibit the enzyme farnesyl
pyrophosphate synthase (FPS), directly interfering in cholesterol
biosynthesis and impairing cell membrane integrity and signal
transduction. The result is osteoclast apoptosis and inhibition of
bone resorption (13). Przkora et al. (14) found that this rescue
effect lasted at least 2 years. In addition, Borsheim et al. (15)
described a decrease in muscle protein breakdown, an increase
in lower extremity muscle fiber diameter and muscle strength,
and a net positive muscle protein balance in burned children who
received the single dose of pamidronate compared to a placebo.
While the preservation of bone mass was expected due to the
affinity of bisphosphonate for bone, the effect of bisphosphonate
on muscle protein balance was unanticipated. Therefore, we
undertook a study to investigate possible mechanisms by which
bisphosphonates may have effected these changes in muscle.

A candidate mechanism for investigation is the transforming
growth factor (TGF)β production, which has been shown to
be elevated in the serum of burned patients (16) and burned
animals (17, 18), associated with both hypertrophic scarring
(16) and immunosuppression (17, 18). Furthermore, Waning
et al. (19) have demonstrated that TGFβ released following bony
metastases in breast cancer affects the ryanodine receptor in
muscle, causing a calcium leak and cachexia. This effect was
inhibited by treatment with bisphosphonates.

MATERIALS AND METHODS

Cell Culture
Murine C2C12 skeletal myoblasts (ATCC, Manassas VA) were
grown as described previously (15) in high-glucose DMEM
supplemented by 10% FBS, 100 U/ml penicillin, 100µg/ml
streptomycin, 100µg/ml sodium pyruvate, 2 mmol L-glutamine,
and maintained at 37◦C in 5% CO2 in air. Differentiation of
myotubes was induced by switching subsonfluent myoblasts
to differentiation medium DMEM supplemented by 2% horse
serum. The differentiation medium was replaced every other
day for up to 5 days. Fully differentiated C2C12 myotubes
were exposed for 48 h to 1 or 5% serum from patients enrolled
in a randomized controlled trial of pamidronate. In order to
determine the effect of transforming growth factor (TGF)-β pan
neutralizing antibody on fiber size myotubes were exposed for
48 h to 10µg/ml of anti-TGFβ-1/2/3, clone 1D11.16.8 (BioXcell
West, Lebanon NH) in the presence or absence of burned
patients’ serum.

Patients
Three different types of serum were used in the study: that
from normal, unburned children (N) (n = 5), severely burned
children given placebo in the randomized trial (B), n = 5, and
those given a single dose of pamidronate within 10 days of the
burn injury (B+P), n = 5. Serum samples were de-identified,
meaning that there was no way for the investigators to know or
to trace any of the samples to their patient source. Additionally,
these samples had been frozen at −80◦C since the original study
was concluded in 2002.The study was carried out in accordance
with the recommendations of approved Protocol 92-304G of the
University of Texas Medical Branch Institutional Review Board.
All samples were obtained during routine care. Consequently, the
Institutional Review Board waived the requirement for written
informed consent for the usage of the de-identified samples for
research purposes. Written informed consent was obtained from
all patients as appropriate and all parents of study participants
at the time of enrolling in the approved research protocol.
Enrolled subjects were burned ≥40% total body surface area,
were predominantly males between the ages of 5 and 18 year,
and had normal renal function (11, 13). Serumwas obtained from
these patients at 4 and 6.5–7 week post-burn. All burned patients
had excessive urinary cortisol excretion, up to 8 times the upper
limits of pediatric normal values (4, 6) as a consequence of the
post-burn stress response.
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Assessment of Myotube Size
Cell layers were fixed in ice-cold acetone-methanol (50:50)
and incubated with an anti-Myosin Heavy Chain antibody
(MF20, 1:200, Developmental Studies Hybridoma Bank,
Iowa City IA) and an AlexaFluor 488-labeled secondary
antibody (Invitrogen, Grand Island NY) as described
previously (20). Analysis of myotube size was performed
by measuring the average diameter of long, multinucleate fibers
(N = 250–350 per condition) avoiding regions of clustered
nuclei on a calibrated tissue image using the Image J 1.43
software (21).

Western Blotting
Western blots were essentially performed as described previously
(20). Total protein extracts were obtained by lysing cell layers
in RIPA buffer (150 mMol NaCl, 1.0% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, and 50mM Tris, pH 8.0) completed
with protease (Roche, Indianapolis IN) and phosphatase
(Thermo Scientific, Rockford IL) inhibitor cocktails. Cell
debris were removed by centrifugation (15min 14,000 g)
and the supernatant collected and stored at −80◦C. Protein
concentration was determined using the BCA protein assay
method (Thermo Scientific, Rockford IL). Protein extracts
(30 µg) then underwent electrophoresis in 4–15% gradient
SDS Criterion TGX precast gels (Bio Rad, Hercules CA).
Proteins were transferred to nitrocellulose membranes (Bio
Rad, Hercules CA). Membranes were blocked with SEA BLOCK
blocking reagent (Thermo Scientific, Rockford IL) at room
temperature for 1 h, followed by an overnight incubation
with SEA BLOCK buffer containing 0.2% Tween-20 at 4◦C
with gentle shaking. After washing with PBS containing
0.2% Tween-20 (PBST), the membrane was incubated at
room temperature for 1 h with either Anti-rabbit IgG (H+L)
DyLight 800 or Anti-mouse IgG (H+L) DyLight 600 (Cell
Signaling Technologies, Danvers MA). Blots were then
visualized with Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln NE). Optical density measurements
were taken using the Gel-Pro analyzer software. Antibodies
used were pSTAT3-Y705 (#9145), STAT3 (#8768), pAKT-
S473 (#4060), AKT (#9272). pERK1/2 (p-p44/42MAPK,
T202/Y204, #4370), ERK1/2(p44/42MAPK, #4695), p-
mTOR-S2448(#D9C2), mTOR (#7C10), Ubiquitin (#3933),
pSmad2-S465/467/Smad3-S423-425 (#27F4), and Smad2/Smad3
(#D7G7) from Cell Signaling Technologies, Danvers MA,
LC3B (#L7543) from Sigma-Aldrich, and α-Tubulin (#
12G10) from Developmental Studies Hybridoma Bank
(Iowa City IA).

Statistical Analysis
Results are presented as means ± SD. Significance of the
differences was determined by two-way analysis of variance
(ANOVA) followed by Tukey’s post-test. Differences were
considered significant when p < 0.05.

RESULTS

Effects of Serum From Burned Patients
Receiving Either Standard of Care (B) or
Standard of Care Plus Pamidronate (B+P)
vs. Serum From Normal Unburned Patients
(N) on C2C12 Myotubes
In order to assess the effects of the serum derived from severely
burned children on myotube morphology, fully differentiated
C2C12 myotubes were exposed to 1% (Figure 1A) or 5%
(Figure 1B) of N, B, or B+P serum. Exposure to B serum caused
dose-dependent myotube atrophy compared to N serum (−13%,
p < 0.01 and −40%, p < 0.01, respectively), reproducing the
effects of burn injury on muscle atrophy as observed in humans
and animals (22, 23). Interestingly, when C2C12 myotubes
were exposed to B+P serum, the degree of fiber atrophy was
significantly reduced compared to myotubes exposed to B serum
(+15%, p < 0.05, Figure 1). These experiments were repeated
two times.

Serum Derived From Burned Patients, B
and B+P, Induced Pro-atrophic Signaling in
the C2C12 Myotubes
In order to investigate whether the myotube phenotype observed
following B or B+P serum exposure was also associated with
the modulation of pro-atrophic signaling pathways, the level
of proteins associated with protein catabolism was assessed.
Interestingly, modulation of several mediators of muscle atrophy
were observed using Western blotting analysis performed on
whole C2C12 protein extracts. In particular, the activation
of the STAT3 signaling pathway (Figure 2A) along with the
increase in the pERK1/2/ERK1/2 signaling ratio (+91% B vs.
N, +140% B vs. N, p < 0.001), both STAT3 and ERK differed
from normal by p < 0.001 in the myotubes exposed to B
and B+P serum (Figure 2B). Interestingly, a non-significant
increase of ubiquitin-labeled peptides characteristic of muscle
atrophy in the atrophic myotubes exposed to B serum was
significantly less in the myotubes treated with B+P serum
(−58% vs. B, p < 0.05, Figure 2C). This suggests that the
partial rescue of myotube size may result from reduced protein
catabolism. To investigate the autophagosome-lysosome system,
another pathway previously described as being involved in
muscle atrophy, the presence of autophagosome accumulation
as a marker of autophagy activation was examined. As shown
by the ratio of LC3BII/LC3BI protein, no differences in
autophagosome accumulation were observed among all three
sera (Figure 2D). To assess whether the serum derived from
burned patients was also able to inducemitochondrial alterations,
we analyzed the expression of proteins related to the control
of mitrochondrial homeostasis. The expression of proteins
related to mitochondrial biogenesis (PGC 1 α and Cytochrome
C) or mitochondrial fusion (OPA1) were unchanged in all
experimental conditions (Figure S1). These experiments were
performed once.
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FIGURE 1 | Effects of serum from burned patients receiving standard of care or standard of care and pamidronate on C2C12 myotubes (N = 5 per group).

Assessment of myofiber size in C2C12 myotube cultures exposed to 1% (A) or 5% (B) serum for up to 48 h obtained from 3 groups of 5 children: normal unburned

(N), burned receiving standard of care after 30 d (B), burned receiving standard of care and pamidronate after 30 d (B+P) (n = 250–350 myofibers). Green staining:

myosin heavy chain (MyHC). Data (means ± standard deviation) are expressed in micrometers (µm). Significance of the differences: *p < 0.05,

**p < 0.01 vs. N, and #p < 0.01 vs. B. Significance was determined by two-way analysis of variance (ANOVA) followed by Tukey’s post-test.

Serum From Burned Patients Receiving
Pamidronate Normalized Anabolic
Signaling Compared to Serum From
Burned Patients
In order to investigate whether B or B+P serum affect
protein anabolism in the C2C12 myotubes, the expression
of two important markers of anabolism, AKT and mTOR,
was quantitated. Myotube atrophy induced by B serum was
associated with reduced phosphorylation of AKT (−34% vs.
N, p < 0.05) and its downstream target mTOR (−51% vs. N,
p < 0.01), suggesting that muscle anabolism was downregulated
through this mechanism (Figure 3). B+P serum was able to
restore the phosphorylation of AKT (+46% vs. B, p < 0.05)
and mTOR (+83% vs. B, p < 0.05), thus suggesting that
protein anabolism was partially restored in this condition. This
experiment was performed once.

TGFβ Is Responsible for the Effects of Burn
Serum on Myotube Size and Pamidronate
Rescues Myotube Size Through a
Reduction of TGFβ
Because TGFβ released from bony metastases due to breast
cancer has been implicated in cancer-associated cachexia (19), we
chose to evaluate whether TGFβ may be responsible for muscle
atrophy following burns. A specific pan-neutralizing antibody,
TGFβ-1/2/3 was used. When the myotubes were exposed to
B+P serum, their size was significantly larger compared to
B serum. Treatment with neutralizing antibody TGFβ-1/2/3
was able to partially protect the myotubes from atrophy when
exposed to B serum (+35% vs. B, p < 0.001) making the
myotube size comparable to those exposed to B+P serum

(Figure 4A). To verify the molecular signaling pathway was
due to TGFβ, Western blot analysis of the level of Smad
phosphorylation was performed. The levels of p-Smad 2/3 were
reduced in myotubes treated with the anti-TGFβ-1/2/3 antibody
and exposed to either B or B+P serum. No significant difference
in Smad phosphorylation was observed in myotubes exposed
to B or B+P serum with or without the anti-TGFβ-1/2/3
antibody (Figure 4B). These data suggest that other activators
of this pathway may be involved. This experiment was repeated
two times.

DISCUSSION

In this study we used an in vitro cell line model to begin
to identify directly and indirectly the components of burn
serum that are potentially responsible for muscle wasting and
to determine the effects of bisphosphonate treatment on their
signaling in a model of myotube formation. We found that
TGFβ in burn serum is responsible for reduced myotube size
and that pamidronate reduces TGFβ activity. Other components
of burn serum are inferred via the activation of specific
signaling pathways. Highly elevated inflammatory molecules
are inferred by the dramatic increase in pSTAT3/STAT3 and
pERK1/2/ERK1/2 compared to normal serum. This is also
in line with previous experimental evidence reporting that
burn injury induces severe muscle wasting and cachexia via
a marked increase in pro-inflammatory cytokines (4, 19, 24).
Pamidronate treatment appeared to have no effect on factors
responsible for these signaling pathways. However, pamidronate
did rescue the phosphorylation of AKT and mTOR and
reduced protein ubiquitination when compared to burn serum
from non-treated patients, suggesting that factors present in
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FIGURE 2 | Serum derived from burned patients induced pro-atrophic signaling in the C2C12 myotubes (N = 4 per group). Representative Western blotting and

quantification of pSTAT3, STAT3 (A), pERK1/2, ERK1/2 (B), Ubiquitin (C), and LC3BII/LC3BI (D) in protein extract of C2C12 myotubes exposed for up to 48 h to 5%

serum obtained from 3 groups of children: normal unburned (N), burned receiving standard of care after 30 d (B), and burned receiving standard of care and

pamidronate after 30 d (B+P). Tubulin was used as a loading control. Data (means ± standard deviation) are expressed as arbitrary units (A.U.). Significance of the

differences: **p < 0.01, ***p < 0.001 vs. N, and #p < 0.05 vs. B. Significance was determined by two-way analysis of variance (ANOVA) followed by Tukey’s post-test.

FIGURE 3 | Serum from burn patients receiving pamidronate normalized anabolic signaling compared to serum from burn patients (N = 4 per group). Representative

Western blotting and quantification of pAKT, AKT, pmTOR, and mTOR in protein extract of murine C2C12 myotubes exposed for up to 48 h to 5% serum obtained

from 3 groups of children: normal unburned (N), burned receiving standard of care after 30 d (B), and burned receiving standard of care and pamidronate after 30 d

(B+P). Data were normalized to total protein. Data (means ± standard deviation) are expressed as arbitrary units (A.U.). Significance of the differences: *p < 0.05,

**p < 0.01 vs. N and #p < 0.05, ##p < 0.01 vs. B. Significance was determined by two-way analysis of variance (ANOVA) followed by Tukey’s post-test.

burn serum that are responsible for muscle breakdown and
catabolism and are prevented from being released by bone
due to pamidronate treatment. No effect of pamidronate was
observed on the autophagolysosome and mitochondrial gene
expression. This in vitro study substantiates and extends the

initial observations of Borsheim et al. (15) that early use of
a bisphosphonate post-burn injury preserves not only bone
mass but skeletal muscle mass and strength as well. Moreover,
this rescue, initially seen at 4 weeks post-burn, is sustained
for at least 6–7 weeks. These data suggest that blocking bone
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resorption prevents the release of pro-atrophic factors from
the bone.

Serum from burn patients receiving pamidronate normalized
anabolic signaling and reduced muscle protein catabolism
compared to serum from burn patients not receiving
pamidronate. The use of bisphosphonates mitigates the
reduction of the AKT/mTOR signaling pathway and blunts the
activation of the catabolic ubiquitin-associated pathways. The
reactivation of muscle protein synthesis and the down-regulation
of muscle protein catabolism contribute to restore a condi
of positive muscle protein balance. These data suggest that
mitigating bone resorption also reduces the release of factors
that can induce muscle protein catabolism and decrease muscle
protein anabolism (15).

Extensive burn injury is characterized by a release of pro-
inflammatory mediators such as cytokines, glucocorticoids, and
reactive oxygen species (24, 25). Altogether, these factors are
responsible for local and systemic derangements and can drive
the bone and muscle alterations that are frequently observed
in burn patients. For example, the strong activation of the
STAT3 pathway can result from circulating IL-6 in burn serum,
in line with previous observations in an experimental model

of burn-induced muscle wasting (24) and in human patients
(4). This event, in turn, increases overall catabolism and
results in muscle wasting as previously described in models
of cancer cachexia (20, 26). Interestingly, exposure of C2C12
myotubes to B+P serum did not prevent the increase in
STAT3 phosphorylation. These findings suggest that although
pamidronate was able to modulate inflammation in a model
of multifocal osteomyelitis (27), overall it did not seem
to interfere with the systemic inflammation associated with
burn injury.

Muscle atrophy after burn injury is also characterized
by the downregulation of anabolic signaling (24). In line
with these findings, in the present study we reported a
reduction of the AKT and mTOR signaling upon exposure
of myotubes to serum from burn patients. Consistent with
our results, conditions associated with high inflammatory
response showed a negative regulation of protein synthesis
through the dysregulation of the mTOR/p70S6K axes (28–31).
In particular, the cytokines IL-6 and TNFα were previously
shown to be directly involved in the inhibition of AKT/mTOR
pathways (30, 31). Pamidronate treatment appears to reduce
the effect of cytokines involved in AKT and mTOR signaling

FIGURE 4 | TGFβ is responsible for the effects of burn serum on myotube size (N = 3 per group). (A) Assessment of myofiber size in C2C12 murine myotube cultures

exposed for up to 48 h to 5% serum obtained from 2 groups of children: burned receiving standard of care after 30 d (B), burned receiving standard of care and

pamidronate (B+P) after 30 d and co-exposed to a neutralizing antibody, anti-TGFβ-1/2/3. Green staining: myosin heavy chain. Data (means ± standard deviation) are

expressed in micrometers (µm). (B) Representative Western blotting and quantification of pSMAD 2/3 normalized to total SMAD 2/3 in protein extract of murine

C2C12 myotubes exposed for up to 48 h in 5% serum obtained from 2 groups of children: burned receiving standard of care after 30 d (B), and burned receiving

standard of care and pamidronate after 30 d (B+P) and co-exposed to a neutralizing antibody anti-TGFβ-1/2/3. Data (means ± standard deviation) are expressed as

arbitrary units (A.U.). Significance of the differences: *p < 0.05, **p < 0.01, and ***p < 0.001 vs. B. Significance was determined by two-way analysis of variance

(ANOVA) followed by Tukey’s post-test.
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but not STAT3/ERK. We know that pamidronate can reduce
inflammatory cytokines and RANKL (32) in bone and thus
may reduce not only TGFβ release from bone, but possibly
also other muscle catabolic factors. We know also that other
mediators belonging to the IL-6 superfamily, including IL-11 and
OSM are present in the serum of animals with burn-induced
cachexia and can activate the STAT3 signaling system in muscle
(24). However, whether pamidronate can modulate these levels
remains unknown.

TGFβ blockade of burn serum restored C2C12 myotube size
to that of pamidronate treated patients. While no effect was
observed using the pan-TGFβ antibody on burn serum from
pamidronate treated patients on myotube size, pamidronate
treatment partially rescued myotube size compared to burn
injury with no pamidronate treatment. The magnitude of the
myotube size rescue was similar between the effects of the anti-
TGFb antibody and the pamidronate treatment. We interpret
these data as consistent with pamidronate prevention of release
of TGFβ from bone matrix as shown in a hypothetical diagram
in Figure 5. Furthermore, we showed that this neutralizing
antibody was able to protect the myotubes from undergoing
atrophy in the presence of B serum mainly by downregulating
the Smad-dependent signaling. However, we could not show
a direct connection between the magnitude of Smad signaling
and the magnitude of inhibition of myotube formation. Despite
the anti-TGFβ-downregulation of Smad phosphorylation, Smad
phosphorylation remaining elevated with the pamidronate
treated burn serum. A possible explanation for this is that there
was still sufficient TGFβ remaining in burned serum to stimulate
Smad phosphorylation. Furthermore, we could speculate that
other substances present in burn serum, such as myostatin/GDF8
(33) might maintain phosphorylation of Smad. However, we did
not measure myostatin in our serum samples. The improvement
of myotube size could also be the result of modulation of the
AKT/mTOR pathway. Indeed, the myostatin/TGFβ signaling
pathway was shown to inhibit the anabolic AKT signaling by
means of Smad 2/3 activation, as reviewed by Egerman and Glass

(3, 34). Ours is not the first evidence suggesting that blockade
of the TGFβ/Smad 2/3 pathways preserves the muscle phenotype
in conditions normally associated with muscle wasting. Indeed,
administration of ACVR2B/Fc, a synthetic decoy peptide and
inhibitor of the signaling downstream of the binding of TGFβ
family ligands to the activin receptor type 2B was able to potently
preserve muscle mass and prolong survival in a model of cancer
cachexia (35). Similarly, we have recently shown that the same
inhibitor was able to completely prevent the loss of bone and
muscle mass in animals chronically exposed to the chemotherapy
regimen Folfiri (36).

Altogether, our results suggest that the anti-resorptive
properties of pamidronate prevent the release from the bone of
TGFβ-1/2/3 (13) and that the latter may be a catabolic factor
that promotes myotube atrophy, thus validating a putative role
of TGFβ in promoting muscle atrophy during burn injury.
It is unclear whether there are additional muscle catabolic
factors within the bone matrix, but the fact that TGFβ is
elevated following burns (16–18) and that it has been shown
to modulate muscle cachexia in breast cancer patients (19)
would suggest that it may at least be one candidate muscle
catabolic factor that is liberated from bone following burn
injury. The presence of a putative TGFβ mechanism in two
such disparate groups of patients as metastatic breast cancer
and pediatric burns raises the possibility that this mechanism
could be active in a wider range of resorptive bone diseases
or may contribute to a cycle of muscle wasting and resorptive
bone loss in neuromuscular diseases. The potential role of
bisphosphonates or other anti-resorptives should be studied in
these situations.

Shortcomings of the Study
Our interpretation of the data has to be tempered by the variable
sample size. Studies were conducted depending on the amount of
sample required for each experiment and the remaining sample
volume available. However, randomization of the original study
should have controlled for potential imbalances between the burn

FIGURE 5 | Administration of pamidronate after burn injury through preventing bone resorption hypothetically reduces the release of the TGFβ family members from

the bone. The reduction of TGFβ family members seems to be responsible for the partial rescue of myotube atrophy. This signaling appears to be due to the

reactivation of the anabolic AKT/mTOR pathway and the reduction of the catabolic ubiquitin-dependent pathway.
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groups. Also, both burn groups B and B+P experienced increased
endogenous glucocorticoid production as do all severely burned
patients (4, 6) which may have contributed to the reduced
myotube size as glucocorticoids impact both muscle wasting
and bone turnover. However, the significant differences between
the two burn groups would indicate that there is still a
partial rescue of myotube size with pamidronate treatment.
In addition, while we have previously provided evidence that
serum concentration of TGFβ increases in burned patients and
animals compared to normal unburned controls, we did not
measure the concentration of TGFβ in the samples tested in
this study.
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Figure S1 | Mitochondrial environment is not affected by serum derived from

burned patients (N = 4 per group). Representative Western blotting and

quantification of PGC1α, OPA-1, and Cytochrome C in a protein extract of murine

C2C12 myotubes exposed for up to 48 h to 5% serum obtained from 3 groups of

children: normal unburned (N), burn receiving standard of care after 30 d (B), and

burn receiving standard of care and pamidronate after 30 d (B+P). Tubulin was

used as the loading control. Data (means ± standard deviation) are expressed as

arbitrary units (A.U.). Significance was determined by two-way analysis of variance

(ANOVA) followed by Tukey’s post-test. Differences were considered significant

when p < 0.05.
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Chemotherapy is frequently accompanied by several side effects, including nausea,

diarrhea, anorexia and fatigue. Evidence from ours and other groups suggests that

chemotherapy can also play a major role in causing not only cachexia, but also bone

loss. This complicates prognosis and survival among cancer patients, affects quality

of life, and can increase morbidity and mortality rates. Recent findings suggest that

soluble factors released from resorbing bone directly contribute to loss of muscle

mass and function secondary to metastatic cancer. However, it remains unknown

whether similar mechanisms also take place following treatments with anticancer

drugs. In this study, we found that young male CD2F1 mice (8-week old) treated

with the chemotherapeutic agent cisplatin (2.5 mg/kg) presented marked loss of

muscle and bone mass. Myotubes exposed to bone conditioned medium from

cisplatin-treated mice showed severe atrophy (−33%) suggesting a bone to muscle

crosstalk. To test this hypothesis, mice were administered cisplatin in combination

with an antiresorptive drug to determine if preservation of bone mass has an effect

on muscle mass and strength following chemotherapy treatment. Mice received

cisplatin alone or combined with zoledronic acid (ZA; 5 µg/kg), a bisphosphonate

routinely used for the treatment of osteoporosis. We found that cisplatin resulted

in progressive loss of body weight (−25%), in line with reduced fat (−58%) and

lean (−17%) mass. As expected, microCT bone histomorphometry analysis revealed

significant reduction in bone mass following administration of chemotherapy, in line

with reduced trabecular bone volume (BV/TV) and number (Tb.N), as well as increased

trabecular separation (Tb.Sp) in the distal femur. Conversely, trabecular bone was

protected when cisplatin was administered in combination with ZA. Interestingly, while

the animals exposed to chemotherapy presented significant muscle wasting (∼-20%

vs. vehicle-treated mice), the administration of ZA in combination with cisplatin resulted
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in preservation of muscle mass (+12%) and strength (+42%). Altogether, these

observations support our hypothesis of bone factors targeting muscle and suggest

that pharmacological preservation of bone mass can benefit muscle mass and function

following chemotherapy.

Keywords: muscle, bone, cachexia, chemotherapy, bisphosphonates

INTRODUCTION

Cachexia is experienced by anywhere from 20 to 80% of cancer
patients, and is ultimately responsible for poorer outcomes,
increased morbidity rates and reduced chance of survival (1–3).
Cachexia is frequently accompanied by several complications,
such as muscle weakness, fatigue, anorexia, as well as metabolic
and energy imbalances (4, 5). All these complications often lead
to impaired quality of life in patients affected with cachexia, not
to mention the increased economic burden (6). While the loss
of lean body mass that follows the development of a tumor is
frequently related with reduced responsiveness to and augmented
toxicities of anticancer therapies (7, 8), we and others have
shown that anticancer therapies alone are able to promote the
development of cachexia (9–13).

The multisystemic and multiorgan effects of cancer and its
treatments have been well described, although the mechanisms
associated with these remain elusive (14). To this end, recent
interest has grown in the area of the so-called “muscle-bone
crosstalk,” primarily based on the idea that bone- and muscle-
derived factors are able to reciprocally influence the two tissues
beyond their mechanical relationship. In particular, there is
mounting interest in exploring the communication between
muscle and bone by means of biochemical, circulating factors
(15, 16). Bone secretes soluble factors that can signal directly to
skeletal muscle (17, 18). For example, Waning et al. elegantly
showed that release of TGFβ from the bone matrix in a setting
of bone metastases contributes to muscle weakness by decreasing
Ca2+-induced muscle force production, thus indicating that
bone-derived factors may directly affect muscle function (19).

Pathologic bone loss has been historically well documented
in metastatic breast cancers and multiple myeloma and, patients
undergoing treatment of a variety of tumors have been reported
to be at higher risk of bone loss (20).We and others have provided
evidence of a direct link between chemotherapy administration
and the appearance of muscle and bone alterations consistent
with a cachectic phenotype in experimental animals (13, 21).
However, whether anticancer therapies promote disruption of the
normal muscle-bone communication and whether preservation
of bonemass can have beneficial implications on the preservation
of muscle mass and strength is currently unknown.

Several bone-targeted agents, primarily bisphosphonates,
were developed to stop osteoclasts from resorbing bone in
order to treat pathologic conditions, such as osteoporosis and
metastatic bone disruption (22). Bisphosphonates are potent
antiresorptive drugs endowed with high selectivity for bone,
due to their capacity to directly bind to hydroxyapatite (23).
Specifically, zoledronic acid, has been tested as a bone-preserving

agent in multiple diseases, including cancer (24–26). In
breast cancer, zoledronic acid has been investigated for its
anti-bone metastasis effects and for the potential ability to
counteract tumor growth within bone (27–29). Additionally,
bisphosphonate administration was used to treat skeletal events
and hypercalcinemia in prostate cancer, although the potential
beneficial effects of such treatment remains to be clarified (30–
33). Whether bisphosphonates can also directly target muscle
mass and affect muscle function remain unclear.

Interestingly, Yoon et al. showed that administration of
the antiresorptive agent pamidronate to dystrophic mdx mice
revealed positive effects on bone and muscle mass (34),
although they did not provide evidence of a direct effect of
bisphosphonates on muscle homeostasis. Along the same line,
a clinical study showed that pediatric burn patients treated with
bisphosphonates to the extent of counteracting bone resorption
also present with substantial preservation of muscle mass (35).
In line with previous findings (19), we recently showed that
one of the mechanisms through which bisphosphonates act is
likely by limiting the release of TGFβ from the bone matrix
(36). The release of TGFβ prevents the activation of SMAD2/3-
dependent pro-atrophy signaling in skeletal muscle, thereby
suggesting that bisphosphonate administration may potentially
serve as a tool for the maintenance of skeletal muscle mass
in various disease states (36). These findings in conjunction
with existing clinical applications suggest a potential role for
zoledronic acid administration in treatment of cancer-related
comorbidities, such as cachexia.

In the present study, we characterized an in vivo model of
chemotherapy-induced cachexia in young, normal mice (37).
Herein, we report the effects associated with bisphosphonate
administration on the preservation of bone volume, as well
as skeletal muscle mass and strength. These results provide
further evidence for muscle-bone crosstalk in the pathogenesis
of cachexia induced by anticancer drugs and the therapeutic
potential of harnessing this cross-tissue interaction to benefit
muscle mass and function following anticancer treatments by
bisphosphonate administration.

METHODS

Animals
All animal experiments were conducted with the approval of the
Institutional Animal Care and Use Committee at the Indiana
University School of Medicine and were in compliance with the
National Institutes of Health Guidelines for Use and Care of
Laboratory Animals and with the ethical standards laid down
in the 1964 Declaration of Helsinki and its later amendments.
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FIGURE 1 | Schematic representation of the in vivo model. 8-week old male CD2F1 mice were exposed to i.p. cisplatin injections (C; 2.5 mg/kg), alone or in

combination with zoledronic acid (ZA; 5 µg/kg), administered s.c. The control mice received equal volumes of sterile saline (V). The red arrows indicate the day of

cisplatin treatment, whereas the purple arrows the day of ZA administration.

All animals were maintained on a regular dark-light cycle (light
from 8 a.m. to 8 p.m.), with free access to food and water during
the whole experimental period. Briefly, 8-week old CD2F1 male
mice (Envigo, Indianapolis, IN) were used (n = 5–8/group).
In a first set of experiments, mice were treated with vehicle
(sterile saline; V) or cisplatin (2.5 mg/kg, i.p.; C) for up to
2 weeks, similar to what reported in Chen et al. (37). In
another set of experiments, mice were randomized into four
groups: control mice receiving vehicle alone (V), mice receiving
cisplatin (C), mice treated with zoledronate (ZA), and animals
receiving the combination cisplatin+ZA (C+ZA). The animals
received cisplatin (2.5 mg/kg, i.p.) or ZA (5 µg/kg, s.c.), as
shown in Figure 1 and in line with previously tested dosing
schedules (19, 37). The mice were monitored for the entire
duration of the experiments. At the time of sacrifice, no animals
were excluded from the study. Several tissues were collected,
weighed, snap frozen in liquid nitrogen and stored at −80◦C
for further analyses. The tibialis anterior muscle was frozen in
liquid nitrogen-cooled isopentane, mounted in OCT and stored
for morphological analyses.

Body Composition Assessment
The quantification of lean (muscle) and fat (adipose)
mass was assessed at baseline and the day before
sacrifice in physically restrained mice, by means of an
EchoMRI-100 (EchoMRI, Houston, USA), as previously
shown (38). Data are expressed as variations over the
baseline values.

Grip Strength
The evaluation of the whole body strength in mice was
assessed as previously described (39). The absolute grip strength
(peak force, expressed in grams) was recorded by means of a
grip strength meter (Columbus Instruments, Columbus, OH,
USA). Five measurements were completed, and the top three
measurements were included in the analysis. In order to avoid
habituation, the animals were tested for grip strength no more
than once weekly.

Micro Computed Tomography (CT)
Analysis of Femurs Bone Morphometry
MicroCT scanning was performed to measure morphological
indices of metaphyseal regions of femurs. After euthanasia, the
left femurs were wrapped in saline-soaked gauze and frozen
at −20◦C until imaging. Bone samples were rotated around
their long axes and images were acquired using a Bruker
Skyscan 1176 (Bruker, Kontich, Belgium) with the following
parameters: pixel size = 9 µm3; peak tube potential = 50 kV;
X-ray intensity = 500 µA; 0.3◦ rotation step. Calibration of the
grayscale levels was performed using a hydroxyapatite phantom.
Based on this calibration and the corresponding standard curve
generated, the equivalent minimum calcium hydroxyapatite
level was 0.42 g/cm3. Raw images were reconstructed using
the SkyScan reconstruction software (NRecon; Bruker, Kontich,
Belgium) to 3-dimensional cross-sectional image data sets
using a 3-dimensional cone beam algorithm. Structural indices
were calculated on reconstructed images using the Skyscan
CT Analyzer software (CTAn; Bruker, Kontich, Belgium).
Cortical bone was analyzed by threshold of 160–255 in the
femoral mid-shaft. Cortical bone parameters included periosteal
perimeter (Ps.Pm), bone area/tissue area (BA/TA), cortical
thickness (Ct.Th) and cortical porosity (Ct.Po). Trabecular
bone was analyzed between 1.0 and 2.0mm under the femoral
distal growth plate using a threshold of 80–255. Trabecular
parameters included bone volume fraction (BV/TV), number
(Tb.N), thickness (Tb.Th), separation (Tb.Sp), and pattern
factor (Tb.Pf).

Assessment of Muscle Cross Sectional
Area (CSA)
Ten µm-thick cryosections of tibialis anterior muscles taken
at the mid-belly were processed for immunostaining, as
shown in Bonetto et al. (39). Samples were marked with a
histology marking pen, blocked in phosphate buffered saline
(PBS) containing 8% bovine serum albumin for 1 h at room
temperature, and incubated at 4◦C overnight with dystrophin
primary antibody [Developmental Studies Hybridoma Bank,
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FIGURE 2 | Cisplatin causes body weight loss and muscle depletion. Body weight curves (A), body weight change (i.e., body weight at time of sacrifice vs. initial body

weight) (B), whole body grip strength (reported as peak force measured at day 7 and day 13) (C) and skeletal muscle weights (D) in mice exposed to cisplatin (n = 8).

Control animals (V; n = 5) were administered equal volumes of sterile saline. Muscle weights were normalized to the Initial Body Weight (IBW) and expressed as

weight/100mg IBW. Data (means ± SEM) are expressed in grams. Significance of the differences: **p < 0.01, ***p < 0.001 vs. V.

Iowa City, IA; #MANDRA1(7A10)] diluted in PBS. After the
overnight incubation, samples were incubated with a secondary
antibody (ThermoFisher Scientific; AlexaFluor 594 # A-11032)
for 1 h. Samples were then washed with PBS and mounted with
ProLong Antifade mounting medium (ThermoFisher Scientific).
For determination of the CSA, the entire muscle section was
imaged and quantified by using the Lionheart XL microscope
system and the Gen5 software (BioTek, Winooski, VT).

Cell Lines
Murine C2C12 skeletal myoblasts (ATCC, Manassas, VA) were
grown in high glucose DMEM supplemented with 10% FBS, 100
U/ml penicillin, 100 mg/ml streptomycin, 100 mg/ml sodium
pyruvate, 2mM L-glutamine, and maintained at 37◦C in 5%
CO2, as shown in Pin et al. (40). Myotubes were generated by
exposing the myoblasts to DMEM containing 2% horse serum
(i.e., differentiation medium, DM), and replacing the medium
every other day for 5 days. In order to determine the effects on
myotube size dependent on bone-derived factors, myotubes were
exposed to 20% bone conditioned medium (CM) for up to 48 h.

Generation of Bone-Derived Conditioned
Medium (CM)
Bone-derived CM was generated as shown in Davis et al.
(41). Right femur and tibia from vehicle (V)- and cisplatin
(C)-treated mice were carefully cleaned of muscle and fibrous
tissues, epiphyses cut, and then marrow-flushed multiple times
with αMEM. These long bones cortical preparations were then

cultured ex vivo in 10% FBS and 1% penicillin/streptomycin
(P/S)-αMEM for 48 h. CM was collected and stored at−20◦C.

Assessment of Myotube Size
C2C12 cell layers were fixed in ice-cold acetone-methanol and
incubated with an anti-Myosin Heavy Chain antibody (MF-20,
1:200; Developmental Studies Hybridoma Bank, Iowa City, IA)
and an AlexaFluor 488-labeled secondary antibody (Invitrogen,
Grand Island, NY), as reported in Pin et al. (40). Analysis
of myotube size was performed by measuring the minimum
diameter of long, multi-nucleate fibers avoiding regions of
clustered nuclei on a calibrated image using the Image J 1.43
software (42). Three biological replicates (n = 3) were generated
for each experimental condition, and about 250–350 myotubes
per replicate were measured. The results of each replicate were
then averaged to obtain the final myotube size.

Real-Time Quantitative PCR
Total mRNA from quadriceps muscle was isolated using the
miRNeasy Mini Kit (Qiagen, Germantown, MD, USA) and
following the protocol provided by the manufacturer. RNA
was quantified using a Synergy H1 Spectrophotometer (BioTek
Instruments, Winooski, VT, USA). RNA integrity was checked
by electrophoresis on a 1.2% agarose gel containing 0.02M
morpholinopropanesulfonic acid and 18% formaldehyde. Total
RNA was reverse transcribed to cDNA using the Verso
cDNA Kit (Thermo Fisher Scientific). Transcript levels were
measured by real-time PCR (Light Cycler 96; Roche), taking
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FIGURE 3 | Cisplatin causes severe loss of bone mass. 3D rendering of microCT-based analysis of trabecular bone in femurs from mice receiving V (n = 4) or C (n =

7) (A). Assessment of trabecular bone volume (BV/TV; expressed as %), trabecular number (Tb.N; expressed as 1/µm), trabecular thickness (Tb.Th; expressed as

µm) and trabecular separation (Tb.Sp; expressed as µm) in femoral bones (B). Data are reported as means ± SEM. Significance of the differences: ***p < 0.001 vs. V.

advantage of the TaqMan Gene Expression Assay System
(Thermo Fisher Scientific). Expression levels for atrogin-
1 (Mm00499523_m1) and MuRF-1 (Mm01185221_m1) were
quantitated. Gene expression was normalized to TATA-binding
protein (TBP; Mm01277042_m1) levels using the standard
2−1Ct methods.

Statistical Analysis
Results were presented as means ± SEM. Significance of the
differences was determined by unpaired t-test when two groups
were investigated. When more than two treatments were tested,
two-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparisons test were performed. The interaction
p-value was reported exclusively when significant. Differences
were considered significant when p < 0.05.

RESULTS

Cisplatin Treatment Leads to Progressive
Body Weight Loss and Muscle Depletion
Eight-week old CD2F1 male mice (n = 5) were exposed to daily
cisplatin administration (C; 2.5 mg/kg, i.p.) for up to 2 weeks,
while control mice (V) received equal volumes of vehicle (i.e.,
sterile saline). In line with previous findings (37), the animals
treated with chemotherapy showed progressive body weight
loss (Figure 2A), resulting in marked net loss of body weight
(−6.6 g vs. initial body weight; p < 0.01 vs. V) (Figure 2B).
In agreement with our published observations (9), the mice
receiving cisplatin also showed progressive loss of skeletal muscle
strength (−23% vs. V, p < 0.01 at day 13) (Figure 2C). These
effects were consistent with marked depletion of muscle mass, as

suggested by the weights of the tibialis anterior, gastrocnemius
and quadriceps (Figure 2D).

Cisplatin Treatment Leads to Severe Bone
Loss
MicroCT assessment of the microarchitecture of femurs excised
from mice treated with cisplatin displayed severe loss of
cancellous bone (Figures 3A,B), as demonstrated by decreased
trabecular bone volume ratio (BV/TV; −41%, p < 0.001 vs. V)
and trabecular number (Tb.N;−36%, p < 0.001 vs. V), as well as
by the increased trabecular separation (Tb.Sp;+34%, p< 0.05 vs.
V). The data are consistent with previous evidence supporting the
idea that chemotherapy administration associates with impaired
bone homeostasis (13, 21).

Myotubes Exposed to Bone Conditioned
Medium (CM) From Cisplatin-Treated Mice
Display Severe Atrophy
In order to clarify whether cisplatin-induced muscle wasting
was triggered by bone-derived soluble factors released upon
bone destruction, we exposed fully differentiated C2C12 murine
myotubes to 20% bone CM generated by incubating femora
and tibiae excised from vehicle (V)- and cisplatin (C)-treated
mice in αMEM-containing medium for up to 48 h. The
myotubes exposed to 20% C CM displayed severe atrophy
compared to V CM, as well as with respect to the myotubes
cultured in normal horse serum-containing medium (DM)
or unconditioned αMEM-containing (UCM) (Figure 4). These
observations suggest that mediators released by bone following
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FIGURE 4 | Myotubes exposed to bone conditioned medium from cisplatin-treated mice display severe atrophy. Fully differentiated (5 days) C2C12 myotubes

exposed to 20% bone conditioned medium (CM) from animals treated with V or C for up to 48 h. CM was generated by incubating the bones in medium for 48 h.

Controls were exposed to either normal horse serum-containing differentiation medium (DM) or 20% αMEM-containing unconditioned medium (UCM). Myotubes were

stained for Myosin Heavy Chain (MyHC, green) and myotube size was measured by using the ImageJ software. 250–300 myotubes were measured, n = 3. Scale bar:

100µm. Images were recorded using a 10X magnification (insert: 20X). Data are expressed as means ± SEM. Significance of the differences: ***p < 0.001 vs. DM;
$$p < 0.01 vs. UCM; &&p < 0.01 vs. V CM.

FIGURE 5 | ZA fails to preserve body weight in cisplatin-treated mice. Body weight curves (A), final body weight (B) and body weight change (i.e., body weight at time

of sacrifice vs. initial body weight) (C) in mice exposed to C, alone or in combination with ZA (n = 4–5). Control animals (V) were administered equal volumes of sterile

saline. Data (means ± SEM) are expressed in grams. Significance of the differences: ***p < 0.001 vs. V; $$$p < 0.001 vs. C; &&p < 0.01, &&&p < 0.001 vs. ZA.

chemotherapy treatment may play a direct role in causing muscle
fiber shrinkage.

ZA Administration Is Unable to Counteract
Cisplatin Effects on Body Weight
We then investigated whether bone preservation by
bisphosphonate treatment also protects skeletal muscle mass
in combination with routinely-used chemotherapy regimens.
We exposed 8-week old CD2F1 male mice (n = 5) to cisplatin
(C; 2.5 mg/Kg) (37), alone or in combination with zoledronic
acid (ZA; 5 µg/Kg) (19), for up to 2 weeks (Figure 1). In line
with the observations reported in Figure 2, the animals exposed
to cisplatin displayed marked and progressive loss of body mass
(Figure 5A), resulting in significantly reduced body weight
(−25%, p < 0.01 vs. V) (Figures 5B,C). On the other hand, ZA
administration was well tolerated and did not show evidence
of toxicity, as also suggested by the absence of body weight
changes compared to the V group (Figure 5). Despite this, ZA
administration did not show protective effects on body mass

when combined with cisplatin, reporting a body weight change
of −4.96 g vs. day 1 in the animals receiving the combined
treatment (p < 0.01 vs. V). Consistently, body composition
assessment by Echo MRI revealed progressive loss of fat content
(−58%, p < 0.001 vs. V; Figure 6A) and lean mass (−16%, p <

0.001 vs. V; Figure 6B) compared to day 1, whereas ZA did not
show any preservation of fat and lean tissue when administered
in combination with cisplatin (Figure 6). These observations
were further corroborated by the observation that the gonadal
adipose tissue mass was not preserved in the mice receiving
cisplatin and ZA (Figure S1).

Trabecular Bone Is Preserved in the Mice
Receiving the Combination C+ZA
microCT analysis of femoral bone from animals exposed to
cisplatin revealedmarked loss of cancellous bone (Figures 7A,B).
We observed reduced BV/TV (−35%, p < 0.05 vs. V) and Tb.N
(−28%, p < 0.05 vs. V), as well as increased Tb.Sp (+24%,
p < 0.05 vs. V). ZA treatment alone had a beneficial effect
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FIGURE 6 | Fat and lean content in chemotherapy-treated mice is not protected by ZA administration. Fat (A) and lean (B) mass on day 1 and day 14 were assessed

in mice exposed to C and/or ZA (n = 4–5) by using EchoMRI. Data (means ± SEM) are expressed as percentage of body mass. Significance of the differences: ***p <

0.001 vs. V; $$$p < 0.001 vs. C; &&&p < 0.001 vs. ZA (at the respective time point).

FIGURE 7 | Trabecular bone is preserved in the mice administered the combination C+ZA. 3D reconstruction of microCT-based histomorphometry analysis in femurs

from mice receiving V, C, ZA, and C+ZA (n = 4–5) (A). Assessment of trabecular bone volume (BV/TV; expressed as %), trabecular thickness (Tb.Th; expressed as

µm), trabecular separation (Tb.Sp; expressed as µm), trabecular number (Tb.N; expressed as 1/µm) and trabecular pattern factor (Tb.Pf; expressed as 1/µm) in

femoral bones (B). Data are reported as means ± SEM. Significance of the differences: *p < 0.05, **p < 0.01 vs. V; $$p < 0.01, $$$p < 0.001 vs. C; &p < 0.05,
&&p < 0.01 vs. ZA.

on bone structure, as revealed by significantly elevated BV/TV
(+46%, p < 0.01 vs. V), trabecular thickness (Tb.Th; +12%,
p < 0.05 vs. V) and Tb.N (+32%, p < 0.001 vs. V), as well
as by decreased Tb.Sp (−13%, p < 0.01 vs. V) and trabecular
pattern factor (Tb.Pf; −42%, p < 0.01 vs. V). Interestingly, when
combined with cisplatin, ZA was able to preserve bone structure,
with BV/TV (+62%, p < 0.01 vs. C), Tb.N (+50%, p < 0.01
vs. C), Tb.Sp (−22%, p < 0.01 vs. C) and Tb.Pf (−31%, p <

0.05 vs. C) showing no difference with respect to the V group
(Figure 7). Further, cisplatin-treated animals displayed reduced
cortical thickness (−8%, p < 0.05 vs. V), which was substantially
preserved following ZA treatment, although no other alterations
in cortical bone geometry were detected (Figure 8). The loss of
trabecular bone appeared milder in the animals receiving C+ZA
compared to the animals treated with cisplatin alone (BV/TV:
−35% in C vs. V, −27% in C+ZA vs. ZA; Tb.N: −28% in C
vs. V, −18% in C+ZA vs. ZA; TB.Sp: +23% in C vs. V, +9% in
C+ZA vs. ZA), although no significant interaction was observed
between cisplatin and ZA based on the two-way ANOVA

analysis (Figure 7). Altogether, these observations suggest that
ZA does not completely counteract cisplatin-induced bone loss
and that bone mass is likely maintained as a result of ZA-derived
bone formation.

Bisphosphonates Improve Muscle Size and
Function in Cisplatin-Treated Animals
In order to verify whether preservation of bone structure also
resulted in protection of muscle mass in animals exposed
to chemotherapy, skeletal (tibialis anterior, gastrocnemius and
quadriceps) and cardiac muscles were excised from animals
administered cisplatin, alone or in combination with ZA
(Figure 9). In line with previous findings and our initial results
(Figure 2) (37), cisplatin treatment caused significant loss of
skeletal muscle mass (Figure 9). Notably, also the heart was
significantly smaller in the cisplatin-treated mice (−21%, p <

0.001 vs. V) (Figure 9). On the other hand, while ZA alone did
not show any direct effects on muscle mass, the combination
C+ZA revealed improved muscle size, as suggested by the
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FIGURE 8 | Cortical bone is minimally affected by cisplatin. 2D rendering of microCT-based histomorphometry analysis of cortical bone in femurs from mice receiving

V, C, ZA and C+ZA (n = 4–5) (A). Assessment of periosteal perimeter (Ps.Pm; expressed as mm), bone area/tissue area (BA/TA; expressed as mm2 ), cortical

thickness (Ct.Th; expressed as mm) and cortical porosity (Ct.Po; expressed as mm3 ) in femoral bones (B). Data are reported as means ± SEM. Significance of the

differences: *p < 0.05 vs. V; $$p < 0.01 vs. C.

FIGURE 9 | Skeletal muscle mass is partially preserved in the mice treated with C+ZA. Skeletal muscle and heart weights in mice administered C, alone or combined

with ZA (n = 4–5). Weights were normalized to the Initial Body Weight (IBW) and expressed as weight/100mg IBW. Data are expressed as means ± SEM.

Significance of the differences: *p < 0.05, **p < 0.01, ***p < 0.001 vs. V; $p < 0.05, $$p < 0.01, $$$p < 0.001 vs. C; &p < 0.05 vs. ZA.

protection of the tibialis anterior (+16%, p < 0.01 vs. C;
interaction: p< 0.05) and quadriceps (+12%, p< 0.05 vs. C), and
by the partial preservation of gastrocnemius (+7%, p < 0.05 vs.
C) and heart weights (+9%, p< 0.05 vs. C) (Figure 9). Consistent
with the effects on muscle mass, muscle fiber size was also
partially preserved in the cisplatin-treated animals receiving ZA,
as shown by the quantification of the muscle cross-sectional area
(+17%, p < 0.05 vs. C) (Figures 10A,B). Interestingly, the ZA-
associated protection of muscle mass was also accompanied by
substantially preserved muscle strength in the C+ZA group (p <

0.001 vs. C), which was 42% higher than the C-treated animals on
day 14 (−25%, p< 0.01 vs. V; interaction: p< 0.01) (Figure 10C).
In line with these findings, we investigated the mRNA levels for
Atrogin-1 andMuRF-1, ubiquitin ligases normally overexpressed
in skeletal muscle during cachexia (40, 43). Atrogin-1 was
significantly increased following cisplatin treatment (+54%, p <

0.05 vs. V), whereas its expression was returned to control values
following ZA administration (Figure 11). On the other hand,

MuRF-1 muscle levels were reduced in the mice receiving the
combination C+ZA (−48%, p < 0.05 vs. V), whereas we did not
observe changes in the other experimental groups (Figure 11).

DISCUSSION

Musculoskeletal derangements are among the most common
and most distressing symptoms associated with cancer and
its treatment (44, 45), affecting 70–100% of patients receiving
chemo-radiation therapies (46–48). Cancer treatments are
frequently responsible for a decline of muscle and bone function
and the development of muscle weakness and bone frailty,
together well-known features of cachexia (49–51). This is a
condition frequently observed in upwards of 80% of advanced
cancer patients and mainly associated with striking loss of body
weight and lean body mass, along with worsening of the quality
of life and increased morbidity and mortality rates (52). More
importantly, the functional deficits due to muscle weakness have
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FIGURE 10 | Cisplatin-induced muscle weakness is counteracted by ZA administration. Representative images of immunofluorescence staining for dystrophin

(A) and quantification of the cross-sectional area (B) in the tibialis anterior muscle of mice treated with cisplatin and/or ZA (n = 4–5). Scale bar: 100µm. Whole body

grip strength (reported as peak force) was measured at day 1 and day 14 by taking advantage of a grip strength meter and expressed as the average of the three top

pulls from each animal (C). Data are shown as means ± SEM. Significance of the differences: *p < 0.05, ***p < 0.001 vs. V; $p < 0.05, $$p < 0.01 vs. C; &&p <

0.01 vs. ZA.

FIGURE 11 | Muscle protein hypercatabolism is counteracted by ZA administration in C-treated mice. mRNA expression for the ubiquitin ligases Atrogin-1 and

MuRF-1 in the quadriceps muscle of mice treated with cisplatin and/or ZA (n = 4–5). Data are shown as means ± SEM. Significance of the differences: *p < 0.05, **p

< 0.01 vs. V; $p < 0.05, $$p < 0.01 vs. C; &&p < 0.01 vs. ZA.

been shown to persist for months to years following remission
(53–56), thereby causing a significant worsening of the quality
of life (57). Unfortunately, cancer-related muscle weakness is
further intensified with the aggressiveness of chemotherapy, and
no treatments have been shown to relieve such conditions thus
far (58, 59).

In line with data from Chen et al. (37), here we showed that
cisplatin, a platinum-based alkylating agent usually prescribed
for the treatment of solid tumors, leads to severe musculoskeletal
deficits in growing mice. Consistent with previous findings
(60), our observations generated in an in vitro model also
suggest that chemotherapy-dependent effects onmuscle fiber size

are triggered by circulating factors, likely released upon bone
destruction. We previously reported that chronic administration
of Folfiri, a chemotherapy regimen often prescribed for the
treatment of solid tumors, participates in the pathogenesis
of cachexia by affecting muscle mass and function and by
causing dramatic loss of trabecular bone (9, 13). In line
with our observations, Hain et al. (21) recently showed that
treatment with another platinum-based agent, carboplatin,
despite being effective in counteracting tumor dissemination in
a model of metastatic breast cancer, contributes to significant
muscle atrophy and weakness, also accompanied by loss of
trabecular bone.
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The correlation between chemotherapy treatment and
decreases in bone mass primarily due to the negative effects
of anticancer drugs on bone remodeling has been investigated
for quite some time (61, 62). For example, imatinib, used for
the treatment of gastrointestinal tumors and leukemias, was
found to directly target platelet-derived growth factor (PDGF)
receptor, among others (63). Similarly, taxanes were shown to
cause myelosuppression and, in turn, bone loss and increased
levels of inflammatory mediators (64). Methotrexate, routinely
prescribed for the treatment of several solid tumors, was reported
to directly target bone tissue and promote bone degeneration
by increasing the expression of IL-6 and IL-11 (65). Further,
corticosteroids, frequently used in combination with anticancer
agents, were shown to directly affect bone mass by reducing
osteoblast differentiation and by increasing osteoclast-dependent
bone resorption (66). At the same time, chemotherapy was
also reported to cause bone damage by impinging on indirect
systemic effects involving gonadal suppression. Indeed, cytotoxic
chemotherapy was recently associated with significant gonadal
damage (67, 68). Similarly, ovarian failure resulting from
chemotherapy treatments in premenopausal women with breast
cancer was shown to promote rapid bone loss (69). Interestingly,
hypogonadism in patients receiving anticancer treatments was
also linked to the occurrence of musculoskeletal abnormalities
(70, 71). Nevertheless, the mechanism(s) responsible for changes
in bone mass and relationship to changes in muscle homeostasis,
especially in a setting of chemotherapy treatment, is not
completely understood.

In the present study, we administered cisplatin in combination
with zoledronic acid, a bone-targeted drug used to preserve
bone mass in osteoporosis, to investigate whether the treatment
with antiresorptive drugs was able to preserve bone mass,
as well as muscle size and strength following chemotherapy
administration. As shown in our experimental results, zoledronic
acid was able to completely preserve cancellous and cortical bone
loss inmice receiving cisplatin, without apparent signs of toxicity.
Notably, zoledronic acid proved effective in partially preserving
muscle mass and strength, thereby supporting the concept that
bone-derived factors play a role in the muscle deficits in cachexia
induced by chemotherapy. We can speculate that the absence of
a complete protective effect of zoledronic acid on muscle mass
may be due to the combined action of other non-bone derived
mediators, and/or direct toxicity of chemotherapy on the muscle
fibers. However, whether zoledronic acid is also able to affect the
levels of bone-derived factors remains unknown.

Of note, the improvement inmusclemass andmuscle strength
was also accompanied by a normalization of the levels of
Atrogin-1, a ubiquitin ligase normally upregulated in conditions
characterized by skeletal muscle atrophy (43), also suggesting
that enhanced muscle hypercatabolism could play a role in
cisplatin-induced muscle wasting. On the other hand, MuRF-
1, previously shown significantly elevated in the skeletal muscle
of cachectic mice (40), was significantly downregulated in the
animals receiving the combination treatment with respect to the
control, consistent with data reporting protection of muscle mass
in MuRF-1 knock-out mice exposed to the pro-catabolic drug
dexamethasone (72). On the other hand, cisplatin alone did not

cause any upregulation, at least at the performed time point. In
this regard, our observation that zoledronic acid was unable to
alter skeletal muscle wet weights in normal conditions, but rather
only in combination with chemotherapy, further supports the
concept that abnormal muscle-bone interactions may play a role
in the pathogenesis of cachexia.

Recently, major interest has grown toward understanding the
so-called “muscle-bone crosstalk.” According to this concept,
muscle tissue represents a storehouse of “myokines,” known
to affect bone mass by regulating bone destruction and bone
formation (16). Conversely, bone-secreted factors would seem to
influence skeletal muscle beyond the mechanical relationship in
loading and primarily through the release of soluble mediators
(known as “osteokines”) (73, 74). These are now known to
directly influence muscle mass by contributing to regulation of
size and contractility (15–18). Exacerbated loss of bone along
with increased osteolysis are well-documented in breast cancers
and multiple myeloma, along with formation of metastases
to bone (19, 75). In particular, Waning et al. previously
suggested that enhanced bone resorption associated with cancer
dissemination results in release of TGFβ from the bone matrix,
which in turn causes modulation of muscle regulatory pathways
and contributes to muscle weakness (19). Similarly, investigative
efforts from our group have shown that bone loss also occurs in
the absence of bone metastases and frequently associates with
changes of muscle homeostasis and function (38, 76), although
the causative mechanism(s) responsible for such abnormalities
have not been completely elucidated.

In this regard, pro-inflammatory cytokines, such as TGFβ-
family ligands, are known to play a role in the regulation of
skeletal muscle mass (77). These cytokines were shown to be
released from the mineralized matrix in conditions associated
with bone destruction, including cachexia (19, 36, 78, 79).
This is also in line with previous evidence from our group,
showing that administration of an activin receptor type-2B
(ACVR2B) antagonist, previously shown to improvemusclemass
and prolong survival in tumor-bearing mice (80), was able to
completely restore muscle and bone mass in animals chronically
administered Folfiri (13). Therefore, our results suggest that
cessation of basal homeostatic skeletal turnover alone is not
directly involved in the regulation of skeletal muscle mass,
whereas bisphosphonate-induced correction of abnormal bone
resorption in cachexia may be sufficient to ameliorate skeletal
muscle atrophy per se.

Interestingly, Børsheim et al. (35) previously reported
that children affected with unintentional burn-injury not
only show preservation of bone mass upon treatment with
bisphosphonates, but also significant improvements in muscle
mass. In a recent collaborative investigation, we provided
evidence supporting the idea that TGFβ plays a pivotal
role in causing muscle atrophy in burn children, usually
characterized by dramatic loss of bone and muscle mass, whereas
administration of the bone-protecting agent pamidronate
would seem to improve muscle size by counteracting
the TGFβ-dependent signaling and restoring the proper
muscle anabolism (36). However, it remains unclear whether
similar mechanisms also participate in causing bone loss
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and muscle wasting and whether preservation of bone mass
effectively improves muscle size and function following
chemotherapy administration.

The idea that bone and muscle communicate at a biochemical
level by exchanging soluble mediators also provides new avenues
for direct pharmacological interventions aimed at targeting
these factors, as reviewed by Brotto and Bonewald (16). In
particular, bone-targeted agents, primarily bisphosphonates,
are potent antiresorptive drugs, routinely used in the clinic
for the treatment of post-menopausal osteoporosis and bone
frailty associated with chronic conditions or metastatic cancers
(22). These drugs were originally designed to counteract
osteoclast activity and bone resorption, and subsequently
shown to prevent the release of pro-inflammatory cytokines
and other signaling molecules, including TGFβ, BMP2, and
IGF-1, from the bone matrix (78, 79, 81, 82). In adult
individuals, altered bone “coupling,” i.e., the physiologic
coordination of bone resorption with bone formation (83),
often occurs with increases in osteoclast activity with little to
no change in osteoblast-driven bone formation. This results
in an imbalance in bone remodeling and leads to decreased
bone mass, increased risk for fractures and worsened survival
rates (84). We and others have provided evidence of bone
loss in both cancer- and chemotherapy-induced cachexia,
likely suggesting an imbalance in osteoclast vs. osteoblast
activity in association with loss of muscle mass and strength
(13, 21, 36, 38, 76).

Notably, bone is now often referred to as an endocrine
organ, secreting osteogenic factors (i.e., osteokines), which can
be released during resorption (16). Originally, all these factors
were thought to mainly take part to the regulation of bone mass,
although it is becoming clear that these osteokines can also
affect muscle homeostasis (85). For example, while components
of the Wnt/ R©β-catenin pathway are important regulators of
bone mass, it has been shown that Wnts also affect muscle
by supporting myogenesis and muscle function (86). In a
similar manner, receptor activator of nuclear factor kappa-B
ligand (RANKL) and its natural decoy receptor osteoprotegerin
(OPG) are mainly produced by bone cells and are critical
for the activation of osteoclasts and the regulation of bone
resorption (87). Interestingly, the receptor for RANKL, known
as RANK, is also expressed in skeletal muscle, where it
appears to regulate muscle contractility (88), whereas anti-
RANKL antibodies and OPG-Fc have been shown to improve
muscle size and function in dystrophic mdx mice (89). Another
example is provided by osteocalcin, mainly produced by mature
osteoblasts and osteocytes. Osteocalcin not only was shown
to regulate glucose and energy metabolism, as well as fertility
in male mice and ectopic calcification, but also appears to
affect muscle mass, based on the evidence that supplementation
with osteocalcin restores reduced exercise capacity in mice and
improves muscle strength (90). Moreover, elevated levels of
the osteocyte-derived fibroblast growth factor 23 (FGF23) were
also shown to negatively impact cardiac muscle by increasing
the risk of heart disease, left ventricular hypertrophy, vascular
calcification, although no effects were conclusively described
in skeletal muscle (91). The osteocyte factor prostaglandin

E2 (PGE2), normally released in response to fluid flow shear
stress, was also shown to affect muscle growth and function
by acting as a potent stimulator of myogenic differentiation
in primary myoblasts/myotubes (92). Interestingly, osteoclasts
were shown to secrete soluble factors endowed with muscle-
protective properties. This is the case of cardiotrophin-1 (CT-
1) and sphingosine-1-phosphate (S1P) (93). Specifically, CT-1,
an IL-6 superfamily member signaling through binding to the
leukemia inhibitory factor (LIF) receptor, was described as an
osteoclast-derived factor critically involved in bone remodeling
(94). However, recent observations suggest that CT-1 may also
directly affect muscle tissue. Indeed, CT-1 was shown to exert
cardioprotective effects and to stimulate myogenic and vascular
remodeling of the heart, as well as to increase extraocular muscle
mass and strength in experimental animal models (95–97).
Similarly, S1P, a bioactive lipid that acts via G protein-coupled
receptors previously implicated in several osteogenesis-related
processes, including differentiation and survival of osteoblasts
and their subsequent coupling with osteoclasts (98), was also
shown to positively impact muscle tissue, through the regulation
of skeletal myoblast proliferation (99), as well as in the control
of normal cardiac development (100) and of smooth muscle cell
proliferation, migration and contraction (101). In our study we
did not assess the levels of these factors, although the evidence
that muscle mass was improved by administration of an anti-
resorptive agent, such as zoledronate, appears to suggest that
some of these osteokines, normally released from the bone
matrix upon activation of bone resorption, may well play a
role in the regulation of muscle mass in cachexia induced
by chemotherapy.

A strength of our approach is that we did circumvent
the lack of muscle targeted therapeutics and, instead, aimed
at repurposing existing, FDA-approved drugs for alternate
uses. While the long-term side effects of bisphosphonate
treatment have been previously characterized (102), whether
bisphosphonates also promote long-term toxicities on skeletal
muscle, especially in subjects treated with chemotherapy, remain
to be clarified, along with the impact that these drugs may
have on efficacy and tolerability of anticancer drugs. Our data
may appear in disagreement with previous studies reporting
no effects or moderate toxicities associated with long-term (>3
years) bisphosphonate administration on skeletal muscle mass
in post-menopausal osteoporotic women, showing bone and
muscle defects at time of first treatment (18, 103). However, our
experimental model, using normal, healthy animals exposed to
chemotherapy and treated with bisphosphonates for the entire
duration of the experiment (i.e., since day 1) is not directly
comparable with such studies. Taking into account also the
results reported by Børsheim et al. (35), showing beneficial
effects on muscle mass in pediatric patients administered
pamidronate shortly after burn injury, our observations support
the idea that bisphosphonates, rather than rescue muscle mass
once musculoskeletal complications are already established, may
instead contribute to preserve skeletal muscle in conditions
normally associated with pro-cachectic stimuli. Moreover, it
is important to point out that our studies were conducted
in young, skeletally immature growing animals, therefore
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characterized by elevated rates of bone formation, as also
supported by the analysis of the bone histomorphometry data.
At this time, we cannot exclude that different outcomes might
occur by using the same therapeutic approach in adult or
aged animals, in accordance with evidence suggesting that
bisphosphonates concomitantly impair bone formation in adult
individuals, thus increasing the likelihood of long-term adverse
events (104).

Nonetheless, the use of bisphosphonates as anticancer
agents has recently been investigated due to their beneficial
properties in counteracting the formation of bone metastases
and preventing adverse skeletal events in cancer (24, 25, 33).
In this study, we did not take into examination animals
bearing cancers plus chemotherapy. Although this choice
may represent a limitation of our study, in this pre-clinical
investigation we decided to focus on establishing mechanisms
responsible for chemotherapy induced muscle wasting. In
this regard, the findings described here corroborate the idea
that chemotherapy-associated toxicities negatively impact bone
and muscle mass, thus leading to phenotypes consistent
with cachexia.

In this study we focused on investigating the musculoskeletal
abnormalities that occur following chemotherapy treatment, with
the ultimate goal of determining whether anti-resorptive drugs
could contribute to preserve both bone and muscle in a setting
of anticancer treatment. In this regard, we have to keep in
mind that the dosing for cisplatin and zoledronate used in our
experimental model, tested in previous studies (37, 60), does not
necessarily compare to the one usually prescribed for humans.
Indeed, by converting the animal dosing to the human equivalent
dose, calculated following the guidelines reported in Nair and
Jacob (105), our animals may appear underdosed, especially
if compared to the clinical setting (106, 107). However, it is
important to note that as patients are normally treated with either
drugs once every 2-to-4 weeks, on the contrary our experimental
animals received multiple treatments over 2 weeks.

In conclusion, in the present study we provide evidence
that bone-protecting agents, such as bisphosphonates, may be
combined with routinely used anticancer drugs to the extent of
reducing their associated toxicities and, ultimately, mitigating
the occurrence of chemotherapy-associated musculoskeletal
abnormalities. Moreover, our experimental data corroborate
the possibility that bisphosphonates are administered in
combination with chemotherapeutics since first treatment in
order to maximize their efficacy in preserving muscle and bone.
Overall, we expect our findings will pave the way to major
investigations on the use of bisphosphonates in oncology care
and encourage future studies aimed at defining zoledronic acid
as a new anti-cachexia treatment in combination with traditional
chemotherapy or cancer.
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Neuromuscular diseases (NMDs) are inherited or acquired conditions affecting skeletal

muscles, motor nerves, or neuromuscular junctions. Most of them are characterized

by a progressive damage of muscle fibers with reduced muscle strength, disability,

and poor health-related quality of life of affected patients. In this scenario, skeletal

health is usually compromised as a consequence of modified bone–muscle cross-

talk including biomechanical and bio-humoral issues, resulting in increased risk of

bone fragility and fractures. In addition, NMD patients frequently face nutritional issues,

including malnutrition due to feeding disorders and swallowing problems that might affect

bone health. Moreover, in these patients, low levels of physical activity or immobility

are common and might lead to overweight or obesity that can also interfere with

bone strength features. Also, vitamin D deficiency could play a critical role both in the

pathogenesis and in the clinical scenario of many NMDs, suggesting that its correction

could be useful in maintaining or enhancing bone health, especially in the early phases

of NMDs. Last but not least, specific disease-modifying drugs, available for some

NMDs, are frequently burdened with adverse effects on bone tissue. For example,

glucocorticoid therapy, standard of care for many muscular dystrophies, prolongs long-

term survival in treated patients; nevertheless, high dose and/or chronic use of these

drugs are a common cause of secondary osteoporosis. This review addresses the

current state of knowledge about the factors that play a role in determining bone

alterations reported in NMDs, how these factors can modify the biological pathways

underlying bone health, and which are the available interventions to manage bone

involvement in patients affected by NMDs. Considering the complexity of care of these

patients, an interdisciplinary and multimodal management strategy based on both

pharmacological and non-pharmacological interventions is recommended, particularly

targeting musculoskeletal issues that are closely related to functional independence as

well as social implications.

Keywords: neuromuscular diseases, osteoporosis, fractures, physical activity, vitamin D, glucocorticoids,

rehabilitation

DEFINITIONS AND PATHOPHYSIOLOGICAL ISSUES

Neuromuscular disease (NMD) is an umbrella term encompassing different categories of disorders
affecting anterior horn cells, peripheral nerves, neuromuscular junctions, and skeletal muscles
(Table 1). If we exclude diabetic neuropathy, when considered individually, NMDs are rare
diseases, although overall involve a considerable population.
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TABLE 1 | Neuroanatomical classification of neuromuscular diseases.

Lesion

level

Hereditary Acquired Abbreviation

Anterior

horn

Spinal

muscular atrophy

Amyotrophic

lateral sclerosis

SMA

ALS

Post-polio syndrome PPS

Nerve Charcot–Marie–Tooth

disease Guillain–Barre syndrome

Chronic inflammatory

demyelinating

polyneuropathy

Neuropathy with

monoclonal gammopathy

of unknown significance

CMT

GBS

CIDP

MGUS

Neuromuscular

junction

Myasthenia gravis

Lambert–Eaton

myasthenic syndrome

MG

LEMS

Muscle Duchenne muscular

dystrophy

Becker muscular

dystrophy

Facioscapulohumeral

dystrophy

Limb–Girdle muscular

dystrophies

Emery–Dreifuss

dystrophy

Oculopharyngeal

muscular dystrophy

Myotonic dystrophy

Pompe’s disease

DMD

BMD

FSHD

LGMD

EDD

OPMD

DM

PD

Polymyositis

Dermatomyositis

PM

DM

Inclusion body myositis IBM

Even if muscle weakness is a typical finding in several
NMDs, a heterogeneous clinical scenario characterizes these
conditions involving different organs and systems. Moreover,
severe functional implications occur, forcing affected patients to
be wheelchair-bound in advanced stages. As a consequence, both
the pathology itself and the complex clinical management lead to
a huge economic and social impact, also because in most of cases
NMDs affect young people.

Although muscle impairment represents the main
determinant, bone damage could play a role in the functional
prognosis and consequently in the level of quality of life. From
both physiological and pathological points of view, muscle
and bone are connected by various pathways and mechanisms.
The bone–muscle cross-talk includes several biological factors
that could affect bone metabolism in NMDs independently of
mechanical load.

Muscle tissue releases specificmolecules, calledmyokines, that
could interact with bone through different pathways. Myostatin,
a transforming growth factor-beta (TGF-β) superfamily member,
is a growth and differentiation factor highly expressed in muscle
in pathological conditions leading to muscle atrophy. At the

same time, myostatin modulates bone metabolism, promoting
osteoclast differentiation and inducing bone loss (1).

On the other hand, muscle contraction promotes the
release of bone protective molecules, including irisin, which
stimulates osteoblasts and inhibits osteoclast activities
through the NFkB signaling pathway, increasing cortical
bone thickness and reducing the risk of fragility fractures in
osteoporotic women (2, 3).

In this scenario, other players have been identified, such
as β-aminoisobutyric acid (BAIBA) and musclin, which might
improve bone accrual and prevent bone loss by activating
osteoblast precursors and by inhibiting osteoclastogenesis (4,
5). Interestingly, the complexity of the biological interaction
between muscle and bone is further supported by the evidence
that about 50% of patients with inclusion bodymyositis caused by
valosin-containing protein (VCP) gene mutation develop Paget’s
disease of bone (6).

Indeed, the VCP protein is implicated inmembrane trafficking
to facilitate the ubiquitin proteasome system in its function
to eliminate aberrant proteins, and it also has a role in
autophagy-mediated protein aggregation with its dysfunction
leading to pathological aggregates in bone, muscle, and brain.
These findings suggest a putative genetic susceptibility to bone
metabolic disorders in NMDs (6).

Karasik et al. (7) identified three main periods, where this
link occurs, including embryonic life, the postnatal period
(allometric growth), and adult life (homeostatic relationship).
This conceptual model will guide our review addressing the
relationship between muscle and bone in the most common
NMDs. However, in this review, we cannot include diabetic
neuropathy because of the complexity of the pathophysiological
mechanisms underneath bone damage in diabetic disease that is
beyond the scope of this review.

EPIDEMIOLOGY

NMDs are rare diseases (prevalence < 1/2000) that require
challenging management strategies in terms of diagnostic and
therapeutic approaches to address several clinical and functional
issues (8).

Although our knowledge and the diagnostic tools in NMDs
have been improved during the last decades, the prevalence
of these conditions has not significantly increased compared
with the past (9). However, myotonic dystrophy (MD) has
doubled its prevalence, probably due to the use of more accurate
genetic tests. The age distribution of NMDs is quite variable.
Some of these diseases have early onset in childhood, such as
Duchenne muscular dystrophy (DMD) and congenital muscular
dystrophies, while amyotrophic lateral sclerosis (ALS), post-
polio syndrome (PPS), Lambert–Eaton myasthenic syndrome
(LEMS), and inclusion body myositis (IBM) have an onset in
adulthood. However, some NMDs are characterized by a uniform
age distribution, namely, Charcot–Marie–Tooth disease (CMT),
Guillain–Barré syndrome (GBS), myasthenia gravis (MG),
facioscapulohumeral dystrophy (FSHD), and MD. Regarding
gender distribution, most NMDs equally affect men and
women. Nevertheless, ALS, chronic inflammatory demyelinating
polyneuropathy (CIDP), GBS, LEMS, DMD and Beckermuscular
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dystrophies (BMD), and FSHD are more prevalent in males,
whereas MG, polymyositis (PM), and dermatomyositis (DM) are
more prevalent in females (10).

Although the prevalence of each NMD is very low worldwide,
the early onset, the longer survival rates related to new
available therapies, and the progressive worsening of the clinical
conditions and physical performance impose a heavy social and
economic burden. The costs of NMDs include medical expense,
costs for the caregiver, and use of medical or external devices
such as ventilators, orthoses, and wheelchairs for improving the
clinical condition and the quality of life of affected individuals.

Per-patient medical costs for NMDs are more than double
the estimated mean all-cause disability-associated healthcare
expenditures (11) in particular, the costs are two times higher for
DMD (12). The increase in healthcare costs depends not only on
cardiorespiratory complications but also on bone damage along
with a dramatic rise in costs related to fractures, particularly
for patients affected by DMD who lose the ability to ambulate
independently (13). The progressive loss of muscle power and
strength and of the ability to stand up are associated with poor
bone health and increased risk of falls, leading to higher rate of
fragility fractures. For instance, in patients with spinal muscular
atrophy (SMA), the prevalence of these fractures ranges from
9.3 to 46%, and they commonly occur at the distal femur (14).
However, epidemiological data about fragility fractures are widely
variable in various NMDs due to different patterns of disease
progression. Indeed, in DMDpatients, the prevalence of vertebral
fractures (VFs), often undiagnosed, is estimated up to 30%
commonly occurring in older, non-ambulatory patients, whereas
limb fragility fractures (femur or tibia) affect from 20 to 60%
of younger, ambulatory patients (15). However, VFs are strictly
related to glucocorticoids (GCs) use considering that these drugs
mainly affect the trabecular bone.

NMDs INVOLVING ANTERIOR HORN
CELLS

SMA is a typical and clarifying example of anterior horn cells
disease. This condition is an autosomal recessive disorder due to
absence or low level of survival motor neuron protein codified
by survival motor neuron genes (SMN 1 and 2) located on long
arm chromosome 5. Homozygous deletion of SMN1 is diagnostic
of SMA and the clinical variability depends on the SMN2 copy
number that defines the level of protein produced (16).

Considering the embryonic period in the bone–muscle
cross-talk, SMA genotypes characterized by deletions or point
mutations regarding exons 6 and 7 of the SMN genes showed
enhanced production of cytokines that stimulate the formation
and activation of osteoclasts, resulting in increased bone
resorption (17, 18). In the Smn−/−SMN2mousemodel, a notable
decrease of bone mineral density (BMD) and caudal vertebra
alterations along with pelvic fractures compared to wild types
were reported. Similarly, prenatal SMA 0 patients showed a
phenotype characterized by reduced bone mass mainly due
to decreased load on the fetal skeleton through reduction of
fetal movement (19). However, also in the postnatal and adult
period of bone–muscle cross-talk, skeletal involvement in SMA

is strongly correlated to the severity of the muscular impairment
[Table 2; (14, 19–22)].

Wassermann et al. reported low BMD in SMA patients,
including one to three subtypes. In particular, patients affected
by SMA 1, despite an initial improvement of lateral distal femur
(LDF) BMD from 3 to 10 years old, exhibited BMD Z-scores
declining during adolescence and, however, normal BMD values
are never reached. On the contrary, patients affected by SMA 3
show a reduction of LDF-BMD later, as weight bearing declines.
Furthermore, significantly increased fracture risk is reported in
all subtypes, particularly for SMA 1, typically affecting lower
limbs (14). A recent 36-month study investigating bone health in
prepubertal SMA type 2 and 3 population showed low serum 25-
OH vitamin D3 [25(OH)D], high serum parathyroid hormone
(PTH), and bone resorption markers [C-terminal telopeptide
(CTx)] with bone formation markers [bone-specific alkaline
phosphatase (BSAP)] within normal ranges. Furthermore, low
lumbar spine (LS) BMD and increased asymptomatic VFs were
reported (21). In particular, Baranello et al. claimed that, in
SMA patients, bone loss occurred regardless of muscle wasting,
suggesting a multifactorial mechanism of bone involvement in
this population.

Further studies are needed to define both the causes and the
rate of progression of bone impairment in all subtypes of SMA
patients. It would be interesting to investigate the efficacy of drugs
(e.g., nusinersen) and gene therapy in improving bone density
and preventing fragility fractures.

Beyond classic SMN1-related SMA, “SMA plus” or atypical
SMA phenotypes, characterized by a distinct pattern of
weakness and specific gene mutations, other than SMN, have
been recently described. SMA plus includes some variants
of antenatal SMA associated with skeletal abnormalities, in
which arthrogryposis, osteopenia, and multiple fractures are
typically present at birth associated with severe hypotonia (23).
Fetal akinesia predisposes to multiple congenital contractures
and contributes to abnormal intrauterine neuromuscular
development (24).

For example, a premature variant of SMA with a mutation in
two genes encoding part of activating signal cointegrator 1 (ASC-
1) complex, a regulator of neuromuscular unit and probably of
the adjacent bony structures, is responsible for congenital bone
fractures (25).

NMDs INVOLVING PERIPHERAL NERVE

A typical peripheral nervous system disease that can potentially
involve bone at various stages of life is the hereditary motor and
sensor neuropathy or CMT.

This condition, occurring early in the first to third decade, is
characterized by alterations of proteins involved in the structure
and function of the peripheral nervous system; it includes
axonal, demyelinating, and dominant intermediate variants, with
a homogeneous clinical phenotype (26). Patients with CMT
manifest symmetric, distal motor neuropathy associated with
muscle weakness and atrophy, areflexia, and distal sensory loss.
For CMT, there are no existing data reporting its role in bone
health during fetal development. Indeed, CMT typically begins
in childhood, and lower limbs are more affected, making walking
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TABLE 2 | Classification of clinical variant of SMA.

Type SNM2 Copy

Number

Onset Life Survival Motor Milestones Peculiar Findings Bone Involvement

SMA 0 1 Prenatal Weeks None achieved Severe hypotonia

Respiratory distress

at birth

Generalized osteopenia

Bone deformities

SMA I

(Werdnig–Hoffmann

disease)

45% of cases

2–3 0–6 months Death prior to

age 2

Sit with support Bell-shaped deformity

of the chest

“Frog-leg” lower limb

posture

Feeding problems

(suck

and/or swallowing)

Lowest aBMD Z-scores at all

skeletal sites

Higher fracture risk

Osteoporosis*

SMA II

20% of cases

3 <18 months 70% alive at age

25 years

Independent sitting

achieved by 9 months or

delayed

Never stand or

walk independently

Postural tremor of

fingers

(minipolymyoclonus)

Increased bone resorption

markers

Low aBMD Z-scores at the LS

and the LDF

Fragility vertebral fractures

SMA III

(Kugelberg–Welander

disease)

30% of cases

3–4 IIIa 18

months−3 years

IIIb 3–30 years

Normal Independent ambulation No available data Increased bone resorption

markers

Low aBMD Z-scores at the LDF

Asymptomatic vertebral fractures

SMA IV

Less than 5% of cases

4 or more Adulthood Normal Normal No available data No available data

*According to 2015 ISCD pediatric criteria; aBMD, areal bone mineral density; LS, lumbar spine; LDF, lateral distal femur.

increasingly difficult. Beside the sensory-motor component, in
CMT patients, several bone deformities (i.e., hip dysplasia
and/or cavovarus foot) occur as well as a balance impairment
resulting in increased risk of falls and fractures (27). There
is little evidence of a role of CMT mutated genes during
embryonic and postnatal periods. Therefore, children affected by
CMT seem not predisposed to secondary osteoporosis, despite
the muscle weakness, and to fragility fractures although bone
deformities and balance impairment occur. On the other hand,
in adult CMT patients, an increased fracture risk of 1.5-fold
has been reported. Also, in this population, the increased risk
of fractures mainly affects distal limbs and not the sites of
major osteoporotic fractures (spine, hip, proximal humerus,
and wrist). Nevertheless, fractures in adults with CMT are
not considered depending on low BMD and are interpreted
as high-energy trauma injury, occurring in the first year after
diagnosis in uncommon osteoporotic sites (i.e., ankle, hand,
foot) (28). Therefore, it is likely that even for adults with
CMT, primary and secondary bone damage is not a determining
factor for fracture risk, while muscle weakness and sensorial
alterations are likely to affect gait performance and consequent
increased risk of falls. Finally, no data are reported on the
alteration of bone turnover and BMD during the time span of
the disease.

NMDs INVOLVING NEUROMUSCULAR
JUNCTION

Myasthenia gravis is an autoimmune NMD caused by
autoantibodies against the acetylcholine receptor (AChR),

and less frequently to MuSK protein (muscle-specific kinase) or
the LRP4 (lipoprotein related protein 4), located on post-synaptic
membrane of the skeletal muscles (29). Myasthenia gravis is
characterized by an unexpected fluctuating clinical scenario with
variable weakness distribution involving the ocular, bulbar, limb,
and respiratory muscles (30). Considering the age of onset of
clinical manifestation, MG is classified into juvenile MG (pre
and post pubertal) and adult MG (early and late onset).

A significantly increased risk of osteoporosis in patients
affected by MG has been demonstrated, with an HR of 1.52 in
corticosteroid-naïve patients, whereas the corticosteroid-treated
group had an HR of 2.37 (31).

Danikowski et al. hypothesized that enhanced bone resorption
and myogenic proliferation inhibition in MG patients might
be related to dysfunction of T-regulatory cells (Tregs) and
overexpression of cytokines and chemokines, such as tumor
necrosis factor-α (TNF-α), interleukin-6 (IL-6), and 10 (IL-
10) (32, 33). Also genetic variants could be involved in
the pathophysiological mechanisms of MG, resulting in
heterogeneous phenotypes. A recent genome-wide association
study of MG demonstrates the relationship between TNFRSF11A
gene andMG. This gene encodes the receptor activator of nuclear
factor-κ B (RANK) involved in both immune surveillance and
osteoclastogenesis. In particular, mutations in TNFRSF11A are
responsible for inherited forms of osteopetrosis and Paget’s
disease of bone and seem to be related to late-onset MG
patients (34).

These data allow us to speculate on the primary bone
damage that has been observed in the late-onset variant of MG
associated with TNFRSF11A mutation. However, bone damage
is associated with GC use in MG patients as well. Furthermore,
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in this population, a high incidence of vitamin D deficiency and
increased serum levels of bone resorption markers (i.e., CTx)
were reported (35).

While bone involvement in MG is well described in adults,
particularly in GC users, two variants of MG characterized by
bone damage occurring in embryonic and postnatal periods,
such as congenital and neonatal myasthenia (NM), have been
identified: congenital myasthenia is an autosomal recessive
inherited disorder of the childhood, resulting from choline
acetyltransferase (ChAT) deficiency and postsynaptic anomalies.

Neonatal myasthenia affects newborn of women with MG
due to the passive transfer of maternal autoantibodies, which
recognize fetal acetylcholine receptors. Neonatal myasthenia is
transitory and symptoms disappear after a maximum of a few
weeks when the antibody titer decreases (36).

Sometimes, newborns affected by NM could manifest
arthrogryposis multiplex congenita (AMC) caused by lack of fetal
movement in utero with consequent multiple joint contractures
and growth retardation. Ultrasonography evaluation of long
bones in fetuses with AMC shows a hypomineralization and
hypoechogenicity of long bones with osteopenia to support the
role of muscle hypotonia on bone development (37).

NMDs INVOLVING SKELETAL MUSCLE
STRUCTURE

A representative NMD involving skeletal muscle, characterized
by genetic etiology and early disease onset, is DMD.

Duchenne muscular dystrophy is an X-linked disease caused
by a mutation in the DMD gene that encodes dystrophin protein.
Becker muscular dystrophy is an allelic X-linked variant of
muscular dystrophy that leads to a reduction in dystrophin
expression and a milder clinical phenotype (38).

In DMD, muscular impairment is symmetric and proximal,
involving pelvic girdle that causes the classic clinical sign, Gower’s
maneuver, that indicates proximal lower limbs weakness (39).

Also, for DMD, the reduced biomechanical muscle strength
and loss of independent ambulation cause bone alterations
and secondary osteoporosis. In particular, structural changes
at the myotendinous junctions, due to dystrophin complex
alteration, are responsible for reduced force transmission and
mechanical stimuli on bone tissue during muscular contraction
with a detrimental effect on bone health (40). The main clinical
consequences are bone fragility and higher risk of fracture.
Because muscle weakness usually occurs at about 3–6 years old,
in DMD patients, it is very likely that no bone damage is present
at birth. Thus, we can believe that this disease interferes with
muscle–bone cross-talk preferentially in the phase of allometric
growth (41).

From a functional point of view, DMD children might
not achieve or maintain the motor development milestones,
and are compelled to use wheelchair in a few years. During
the progression of disease, they became wheelchair-dependent
usually at the age of 13 years with worsening of bone deformities
and onset of scoliosis (42).

In association with mobility limitation, secondary
osteoporosis in DMD patients is due to the prolonged use
of GCs. This therapy is usually initiated at approximately 5 years
of age, which has resulted in a significant improvement in the
clinical and functional status, delaying the loss of independent
ambulation. However, the use of deflazacort or prednisone at
the dose of maximum 36 and 30 mg/day, respectively (0.75
mg/kg/day; 0.9 mg/kg/day), leads to a further worsening of bone
health in terms of BMD and bone quality, through its direct
and indirect effects (38). As a direct effect, GCs suppress bone
formation by reducing osteoblast proliferation, differentiation,
and function. GCs also influence the activity of osteocytes,
mechanosensors of the bone, inducing apoptosis. Moreover, GCs
increase the osteoclast activity and enhance the production of
pro-inflammatory cytokines, such as IL-6. As an indirect effect,
GCs inhibit gastrointestinal calcium absorption with a resultant
fall in the ionized calcium concentration and the subsequent
rise in serum PTH concentration. Finally, GCs play a role in
the GH/IGF I axis and sex hormone axis, reducing IGF I and
estrogen expression, respectively (43).

Fragility fracture risk in patients with DMD is significantly
higher (44), with a fracture prevalence 5-fold higher compared
with age-matched healthy young people (48 vs. 9%) with lower
limb fractures (femur and tibia) more frequent in DMD. Most
of the long-bone fractures in DMD patients are caused by
low-energy trauma (i.e., fall from a standing position), an
extremely rare condition in healthy young people. Long-bone
fractures substantially contribute to functional and postural
impairments, accelerating the transition to a wheelchair (45).
Moreover, increased fracture risk of 75% (all skeletal sites) after
3 months of full wheelchair use has also been demonstrated (46).
Finally, in GC-treated DMD patients, a moderate prevalence of
symptomatic VFs (up to 40%) has been reported (47).

Joseph et al. showed a mean latency of 2.3 years to incur
in symptomatic VFs after the beginning of the treatment
(48). However, painful VFs are present in less than half
of DMD patients, with these lesions frequently detected as
asymptomatic incidental findings. Therefore, adequate follow-
ups by performing spine radiograph are mandatory to have an
early identification of the first fracture, as well as to monitor and
prevent the occurrence of multiple VFs (“cascade fracturative”).
Healthy children with VFs might show a spontaneous growing-
mediated phenomenon, called vertebral reshaping, a vertebral
restoration in height and width due to physiological bone
remodeling. In children affected by several chronic illnesses such
as DMD, the child’s self-correcting reshaping mechanism fails
to occur, but the administration of intravenous bisphosphonates
(BPs) has been demonstrated to restore this process; therefore,
when the fracture appears, antiresorptive drug treatment should
start as early as possible (9, 49).

Further side effects of GC treatment are the impaired growth
and delayed puberty due to hypogonadism caused by reduced
testosterone serum level that compromises bone health (50). The
role of testosterone on bone health is well established; direct and
indirect mechanisms are mainly involved (51). First, low level
of androgens causes muscle weakness that reduces mechanical
stimulation on bones (52). Secondly, reduced activation of bone
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androgen receptor by testosterone has a negative impact on
the expression and function of the all three lines of bone-
related cells (osteoblast, osteoclast, and osteocyte), resulting in
an overall bone loss. Testosterone is also partially converted
via aromatase into estrogens that play a crucial role in peak
bone mass acquisition and in periosteal bone expansion during
puberty in men (53).

NMDs INVOLVING SKELETAL MUSCLE
METABOLISM

In the context of metabolic myopathies, Pompe’s disease (PD) is
an inherited NMD associated with low BMD and increased risk
of fracture.

Pompe’s disease is an autosomal recessive lysosomal storage
disorder (LSD) due to mutations that cause reduction or absence
of acid α-glucosidase (GAA gene on chromosome 17). This
enzyme is ubiquitous in the body, and its reduction in activity
leads to a progressive accumulation of glycogen within the
lysosomes, and later between myofibrils, contributing to the
clinical phenotype of skeletal, cardiac, and respiratory muscle
involvement (54, 55). Two main forms of PD are described:
infantile onset (IOPD, classic and non-classic variants) and
late onset (LOPD), different in terms of organ involvement
and the rate of progression. Severe muscle weakness and
cardiac involvement characterize IOPD; on the contrary, a slow
progression of limb–girdle muscle weakness and a respiratory
dysfunction are typical of LOPD (56).

In both the PD variants, bone health is largely compromised,
predisposing to an increased risk of osteoporosis or low bone
mass for chronological age, strongly correlated to reduction of
muscle strength (57).

In IOPD, severe muscle wasting negatively influences bone
health in early phases of skeletal development, particularly at
cortical sites, and consequently is associated with a higher risk of
long-bone fractures (58). On the other hand, evidence of a higher
prevalence of fragility fractures in LOPD patients is limited.

Exact pathogenetic mechanisms underneath muscle and bone
relationship in LOPD patients are still unknown. These patients
have different patterns of muscle involvement, commonly
characterized by weakness of paravertebral, hip flexor, and knee
extensor muscles that results in poor mechanical load applied to
the spine and the proximal femur (59). The clinical phenotype
of muscle impairment might explain the site-specific BMD
loss (i.e., at LS and/or femoral neck). van den Berg showed a
decreased BMD particularly in non-ambulatory and ventilator-
dependent patients (54 vs. 15% in ambulant subjects) (58). The
authors found a statistically significant positivemild-to-moderate
correlation between total body less head (TBLH) BMD and
proximal muscle strength of both the upper (r = 0.37) and lower
extremities (r = 0.43). Moreover, this study suggested a putative
role of prolonged inactivity and immobilization as risk factors
for bone loss in these patients (58). These data were confirmed
by Khan et al. who analyzed bone microarchitecture using high-
resolution peripheral computed tomography (HR-pQCT) at two
standard skeletal sites, distal radius and distal tibia (60).

Bertoldo et al. showed that asymptomatic and atraumatic
VFs occur frequently in LOPD patients. However, the authors
did not find any relationship between muscle function [assessed
by Medical Research Council Scale (MRC), 6-min walking test
(6MWT), and Gait, Stairs, Gower and Chair score (GSGC)] and
BMD or biochemical markers of bone metabolism. No difference
in muscle function, respiratory parameters, and serum 25(OH)D
between patients with or without morphometric VF was also
reported. Therefore, the authors conclude that bone involvement
seems to be independent from muscular phenotype and vitamin
D status in patients with LOPD (61).

With the introduction of the enzyme replacement therapy
(ERT), the course of disease has been strongly modified, in
particular for the IOPD variant, improving both muscle and
respiratory functions. Otherwise, tangible effects of ERT in terms
of improving bone health are poorly supported (62, 63).

To date, bone damage in PD is considered a consequence
of muscle atrophy and reduction of weight bearing and
load; furthermore, taking into account the severity of bone
involvement in IOPD, a potential intrinsic bone mechanism
directly linked to metabolic degeneration itself or to lysosome
storage alteration is suggested.

BONE HEALTH ASSESSMENT IN NMDs

In the multidisciplinary and comprehensive management of
patients affected by NMDs, the assessment of bone health status
through clinical, instrumental, and laboratory testing should be
integrated as amandatory component in the evaluation of muscle
impairment and functional independence.

Bone health screening in NMDs should include:
- Laboratory exams of bone metabolism such as serum and

urinary calcium and phosphorus, serum parathyroid hormone
(PTH), 25(OH)D, and alkaline phosphatase (ALP) (at the
diagnosis and every 12 months);

- Imaging: lateral thoracolumbar spine radiographs at least
every 12–36 months, taking into account drug therapy with
detrimental effects on bone health (i.e., GCs), which require
closer follow-ups. However, in case of referred low back pain,
history of recent trauma, or spine BMD Z-score decline >0.5 SD
in serial follow-ups, lateral thoracolumbar spine x-ray should be
taken, to assess VFs.

- Dual-Energy X-ray Absorptiometry (DXA) to measure
BMD and bone mineral content (BMC) considered as Z-score
for children and T-score for adults over 50 years old and
postmenopausal women (at the diagnosis and at least every 12
months). According to the International Society for Clinical
Densitometry (ISCD), skeletal health assessment in children
(between 5 and 19 years old) consists of DXA evaluation
including posterior–anterior (PA) spine and total body less head
(TBLH) scans for BMC and BMDmeasurements. However, these
skeletal sites may not be suitable for densitometric assessment
for all children affected by clinical conditions adversely involving
bone health. Therefore, in recent ISCD Official Positions,
additional DXA scans (proximal femur, PF, LDF, and distal
forearm, DF) as well as the role of vertebral fracture assessment
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(VFA) were thoroughly evaluated for utility, applicability, and
ability to assess skeletal health and to predict fragility fractures in
selected pediatric patients (44). Indeed, for many children with
NMDs with poor ambulatory status and at risk of bone damage,
these additional DXA scans are useful when TBLH or LS scans
are not feasible (i.e., positioning issues, severe scoliosis).

Moreover, the occurrence and identification of spine fractures
remain critical issues for skeletal health in individuals at risk of
poor bone strength, including NMD patients. However, the most
recent generation of DXA scanners provides a better resolution
of lateral spine imaging compared to the past, thus allowing a
safer bone health monitoring, by minimizing radiation exposure
of children affected by NMDs.

The presence of at least one vertebral fragility fracture is
sufficient for definition of osteoporosis in children. Moreover, an
alternative diagnostic criterion in the same population includes
densitometric assessment, namely, BMD Z-score ≤ −2.0 SD,
combined with a clinically significant history of fracture (two
or more long-bone fractures by 10 years of age and/or three
or more long-bone fractures up to 19 years); BMD Z-score ≤

−2.0 SD without a history of fractures should be defined as low
BMD for age and gender (64, 65). In men younger than 50 years
or premenopausal women, the ISCD recommends the use of Z-
scores; diagnosis of low BMD in this population is defined by a Z-
score of≤−2.0 SD (the term “osteoporosis” should be avoided in
these cases) (66, 67). In postmenopausal women and in men aged
50 years and older, osteoporosis may be appropriately diagnosed
when LS, total hip, or femoral neck T-score is ≤-2.5 SD (BMD
that lies −2.5 SD or more below the average value for young
healthy individuals) (68).

Diagnosis of osteopenia includes LS, total hip, or femoral neck
BMD T-score between−1.0 and−2.5 SD (Table 3) (69–73).

For the assessment of bone health in NMDs, nutritional
assessment is advised, in particular for the pediatric
population (74).

Nutrient requirement is different during the course of
life, and monitoring their intake is useful also to better
prevent underfeeding or overfeeding. Nutritional calcium intake,
through specific questionnaires available online (https://www.
iofbonehealth.org/calcium-calculator), is mandatory for bone
health assessment, especially in NMDs.

Finally, sunlight exposure of a patient affected byNMD should
be investigated, considering that 80% of vitamin D is produced by
the skin under sunlight irradiation.

THERAPEUTIC OPPORTUNITIES

Non-pharmacological Therapies
Therapeutic management of patients affected by NMDs should
take into account many clinical features that occur during the
disease. Novel therapies available and better clinical approach to
these patients lead to longer survival, allowing the observation of
additional clinical issues previously poorly reported, in particular
the progressive decline of bone health. Therefore, a tailored
approach has to be implemented in terms of prevention and
treatment of bone complications. Of prime importance, patients
with NMDs should adopt a healthy lifestyle from as early

an age as possible with the objective to optimally preserve
musculoskeletal health. In this context, healthy lifestyle includes
nutrition, sun exposure, and physical activity.

Nutrition has a pivotal role in musculoskeletal metabolism. In
several NMD conditions, overnutrition is a major issue caused
by an excess of caloric intake. The use of some drugs, such
as corticosteroids (e.g., DMD patients), leads to an increased
appetite, and the compassionate attitude of the caregiver could
significantly contribute to weight gain (74). On the other
hand, undernutrition is more common in severe and advanced
stages of different NMDs due to dysphagia, delayed gastric
emptying, prolonged mealtime, and constipation, all of them
related to progressive muscle weakness (75). Therefore, an
adequate caloric intake is mandatory in each stage of NMDs
taking into account the proper proportion between protein
and complex carbohydrates (76). A calcium-rich diet based
on dairy products is strongly suggested, with a calcium intake
of at least 1300 mg/day in patients aged 9–18 years, and
1000mg day between 19 and 50 years old. The recommended
dose of vitamin D for infants and children aged 0–1 year is
at least 400 IU/day, while in children aged 1–18 years and
in adults, the recommended dose is 600 IU/day (77). When
patients do not reach the suggested intakes, it is necessary to
consider calcium and vitamin D supplementations. Vitamin D
status that requires supplementation in children is still debated;
the Institute of Medicine (IOM) suggests serum 25(OH)D
<20 ng/ml as threshold to start treatment, which is also the same
recommendation to initiate treatment for adults (78).

Vitamin D supplementation is usually provided by
cholecalciferol administration. However, in obese patients,
particularly those treated with corticosteroids, higher doses
of vitamin D are needed because of low bioavailability (79).
Moreover, NMDpatients usually receive other drugs metabolized
in the liver by the CYP system involved in the hydroxylation of
native vitamin D (e.g., corticosteroids and β-blockers); therefore,
the use of calcifediol, a hydroxylated metabolite of vitamin
D3 with higher bioavailability that does not require hepatic
activation, should be considered. Furthermore, calcifediol
is usually recommended in patients with malabsorption or
hepatic disease, and when a rapid increase in serum 25(OH)D
is required.

In patients affected by DMD, calcifediol administration at
the dose of 0.8 mcg/kg daily per os plus adjustment of the
dietary calcium intake, at least 1,000 mg/day, demonstrates a
statistically significant increase of BMC and BMD in over 65%
of patients and normalization of bone turnover markers (BTMs)
in most patients (78.8%) (80). Therefore, periodic screening
of the serum 25(OH)D is strongly suggested to monitor and,
if indicated, adjust the supplementation of vitamin D. At the
same time, it is possible to suggest a main role of vitamin
D supplementation in the management of bone metabolism
disorders in other NMDs. Moreover, considering the detrimental
effects of vitamin D deficiency on muscle performance (81)
as well as the encouraging data supporting calcifediol use for
improving muscle function in different populations (82), a
putative beneficial role of vitamin D administration on skeletal
muscle in NMDs has been hypothesized. Indeed, Karam et al.
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TABLE 3 | Bone health assessment in NMDs.

NMDs Bone turnover markers DXA Lateral toracolumbar

spine radiograph

SMA

(types 1–4)

Sitters At the diagnosis and every

12 months

At the diagnosis and every 12

months

*If symptomatic

Non-sitters

CMT At the diagnosis and every

12 months

At the diagnosis and eventually

every 24 months

Not required

MG On GC At the diagnosis and every

12 months

At the diagnosis and every 12

months

*If symptomatic

Not on GC At the diagnosis and eventually

every 24 months

DMD On GC At the diagnosis and every

12 months

At the diagnosis and every 12

months

Every 1–2 years

Not on GC Every 2–3 years

PD IOPD At the diagnosis and every

12 months

At the diagnosis and every 12

months

*If symptomatic

LOPD

*Presence of back pain or suspected vertebral fractures.

found an improvement of functional parameter in patients with
ALS treated with high dose of cholecalciferol (83), although these
results are not confirmed by a successive study (84).

Physical activity (PA) should be considered a cornerstone for
the prevention and treatment of bone alterations in patients
affected by NMDs. Despite the lack of evidence about the role
of exercise on improving bone health in NMDs, the benefits of a
tailored exercise program can be assumed.

Physical activity has a role in stimulating osteoblast bone
formation and reducing osteoclast-mediated bone resorption
through biological pathways modulated by mechanical loading
(85). In particular, PA enhances attaining peak bone mass in
childhood and adolescence, and contributes to bone turnover
in adulthood (86). According to the WHO recommendation,
children should perform PA for at least 60min each day (87);
however, most of NMD patients, even in the early ambulatory
stages, do not reach these levels of PA (88).

Starting adequate PA as early as possible, considered as more
than 3,000 accelerometer movement counts per minute (89)
(about 5 metabolic equivalents, METs, corresponding to normal
walking speed in children) (90), results in an improvement of 7
and 5% for the spine, and 6 and 4% for hip at 3 and 6 years,
respectively, in terms of BMC (91). In patients with NMDs,
dynamic low-moderate intensity weight-bearing exercises (i.e.,
walking) that result in greater gains in bone tissue compared
to static activities are strongly recommended (92). There is
no evidence that performing high-intensity exercise provides
greater benefit than performing moderate-intensity exercise; on
the contrary, NMD patients should avoid heavy exercises to
prevent fatigue (93). In DMD patients, strengthening exercises,
such arms and legs cycle in 30-min sessions (15min for arms and
15min for legs), 5 days per week, reduce muscle disuse atrophy
and excessive functional loss (94).

Moreover, balance disorders are frequently reported in
patients with NMDs. In particular, it has been demonstrated

that patients with proximal muscle weakness (i.e., DMD) show
more difficulties in static balance, while patients with primarily
distal muscle involvement (i.e., CMT) show more difficulties
in dynamic balance. Exercises to maintain muscle strength that
improve balance when performing both static and dynamic
activities reduce the risk of fall (95).

Pharmacological Therapies
Bisphosphonates

In association with a proper lifestyle, with the aim to improve
bone strength and reduce the risk of fractures, the use of
pharmacological treatment is advisable. Anti-osteoporotic drugs,
such as BPs, are widely used in postmenopausal and GC-induced
osteoporosis (GIO). Bisphosphonates have a high affinity to bone
tissue, and they are capable of inhibiting bone resorption in
humans, mainly leading to osteoclast apoptosis with different
mechanisms of action (96). The use of antiresorptive drugs
has been already investigated in children; in particular, BPs
have been demonstrated to have efficacy and safety in patients
affected by other rare diseases, such as Paget disease of bone
(97, 98), osteogenesis imperfecta (OI) (99), β-thalassemia (100),
and overall secondary osteoporosis in children (101). Limited
evidence supports the use of BPs in NMDs. To date, an abstract
recently presented at the 101st Annual Meeting of the Endocrine
Society including four children affected by SMA on intravenous
BPs therapy (102) showed no significant change in BMD at 1
year follow-up; the authors also reported some mild adverse
events and one atypical femur fracture. In MG, the use of oral
alendronate (70 mg/week) in a patient under GC treatment
improved the LS BMD of 3.4% after 12 months without side
effects (103). However, caution should be paid for possible
exacerbation of MG symptoms, such as muscle weakness and
extreme fatigue, after drug administration (104).

In a case report of an osteoporotic patient, symptoms of MG
were exacerbated by the administration of risedronate (105);
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however, the exact mechanism underneath this pathological
condition remains unclear.

Recent care recommendations endorse the use of intravenous
BPs as first-line therapy for the treatment of osteoporosis in
DMD patients with fragility fractures of the spine or long bones
(72, 106). Moreover, the administration of oral alendronate or
risedronate (107) and intravenous pamidronate or zoledronic
acid (106) seems to reduce back pain in patients affected by VF.
The role of BPs for primary prevention of fragility fractures in
DMD as for the other NMDs is still debated.

Denosumab
Denosumab (Dmab), a fully human IgG2 monoclonal antibody
that neutralizes the receptor activator of nuclear factor kappa-
B ligand (RANKL), is the most potent antiresorptive agent
available in clinical practice. It blocks the interaction between the
cytokine and its receptor (RANK), inhibiting osteoclast-mediated
bone resorption. Approved by the FDA for postmenopausal
osteoporotic women at high risk of fracture, Dmab reduces the
risk of vertebral and non-vertebral fractures compared to placebo
(108) and improves BMD compared to BPs (109).

To the best of our knowledge, few anecdotal studies
demonstrate the effectiveness of Dmab in NMDs.

A case report in a 14-year-old patient affected by SMA II
showed an improvement of LS BMD of 19% after 6 months
of 60mg s.c. of Dmab without adverse effects (110). The same
dosage of Dmab increased significantly LS BMD (about 16%) at
12 months in a 13-year-old boy with DMD and GIO (111).

Teriparatide
Teriparatide is a recombinant human parathyroid hormone 1–34
(rhPTH 1–34) stimulating bone formation. It is widely used in
postmenopausal women at high risk of fracture and in GIO (112).
Despite its potential benefits, in particular on trabecular bone
in NMD patients with VF on GC therapy, its use is reserved
for selected patients. In particular, the safety of teriparatide has

not been established in pediatric patients due to the high risk of
osteosarcoma (113). However, to date, a single case report shows
improvement of the LS Z-score BMD, back pain, and quality of
life in a DMD patient with multiple VFs in GC treatment after
the administration of 20 mcg once daily of s.c. teriparatide (114).

CONCLUSIONS

NMDs are a group of disorders characterized by skeletal
muscle wasting that usually affect different organs and systems,
including bone. Muscle–bone cross-talk plays a key role in the
pathophysiological mechanisms that result in predictable clinical
phenotypes. However, this relationship is often underestimated
until a fracture occurs. Instead, it is essential that the biological
and functional link between muscle and bone is investigated
across the three phases of bone development, including the
embryonic life, the postnatal period, and the adult life.
Physicians who treat adult patients with NMDs with chronic
GCs should consider the administration of anti-osteoporotic
medications to prevent fragility fractures, although no such
formal recommendation currently exists for pediatric patients.
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Sergio H. Lüscher 1, Laura M. Nocciolino 1,2, Nicolás Pilot 2, Leonardo Pisani 2,

Alex Ireland 3*, Jörn Rittweger 4,5, José L. Ferretti 1, Gustavo R. Cointry 1 and

Ricardo F. Capozza 1

1Center for P-Ca Metabolism Studies (CEMFoC), National University of Rosario, Rosario, Argentina, 2Unity of
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The cortical structure of human fibula varies widely throughout the bone suggesting

a more selective adaptation to different mechanical environments with respect to the

adjacent tibia. To test this hypothesis, serial-pQCT scans of the dominant fibulae and

tibiae of 15/15 men/women chronically trained in long-distance running were compared

with those of 15/15 untrained controls. When compared to controls, the fibulae of trained

individuals had similar (distally) or lower (proximally) cortical area, similar moments of

inertia (MI) for anterior-posterior bending (xMI) and lower for lateral bending (yMI) with

a lower “shape-index” (yMI/xMI ratio) throughout, and higher resistance to buckling

distally. These group differences were more evident in men and independent of group

differences in bone mass. These results contrast with those observed in the tibia, where,

as expected, structural indicators of bone strength were greater in trained than untrained

individuals. Proximally, the larger lateral flexibility of runners’ fibulae could improve the

ability to store energy, and thereby contribute to fast-running optimization. Distally, the

greater lateral fibular flexibility could reduce bending strength. The latter appears to have

been compensated by a higher buckling strength. Assuming that these differences could

be ascribed to training effects, this suggests that usage-derived strains in some bones

may modify their relative structural resistance to different kinds of deformation in different

regions, not only regarding strength, but also concerning other physiological roles of

the skeleton.

Keywords: fibula, bone biomechanics, pQCT, running, bone mechanostat, exercise and bone
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INTRODUCTION

The human tibia and fibula, despite being spatially close,
experience substantially different loading environments during
locomotion (1–5). The fibula’s contribution to axial shank
loading varies substantially with magnitude and position, from
<5% of low-magnitude axial loads in ankle varus to about
19% during high-magnitude loading in dorsiflexion (6, 7). In
addition, large differences were reported in structural behavior
and stiffness/strain distribution along the human fibula subjected
to varying loading configurations (8), and little is known about
the transmission of bending and torsional forces in the shank.
In fact, forces are transmitted in part through the tibiofibular
and other ligaments (6) and the interosseous membrane, a
mechanical contribution which has been scarcely investigated.

Bones generally adapt to increased loads by slowly increasing
in mass and/or by optimizing the distribution of the mass
to increase the architectural efficiency of their design in the
predominant directions determined by the history of their
customary mechanical usage. Accordingly with the mechanostat
Theory (9), the mechanism chronically involved in the bone
response to loading is chiefly bonemodeling (i.e., bone formation
and destruction in different sites of the structure; Figure 1).
As a result, the structure and strength of bones should reflect
both their morphogenetical determination and mechanical
environment (10, 11). Recent studies suggest that tibia and fibula,
in addition to differing substantially in cortical structure, respond
differently to the same kind of mechanical stimulation. In the
human tibia, we have shown that (1) the cortical structure is
highly adapted to compression stresses throughout the bone, with
a smoothly variable adaptation to bending and torsion which
reaches maximum effectiveness at the mid diaphysis (2), and (2)
in long-distance runners, the pQCT-assessed cortical mass and
diaphyseal design and strength indicators were all significantly
larger than those of untrained controls, proportionally to the
uniform variation of compression, bending and torsion stresses
supported throughout the bone (3). In contrast, along the fibula
shaft we have described no less than five different tomographic
regions with varying structural features, suggesting that the
adaptation of fibula structure to bending and torsion follows a
non-uniform pattern along the shaft (5).

To note, the fibula appears to be little affected by long-term
disuse, except in the epiphyseal sites (12, 13). This contrasts
with the large deficits in mineralized mass and differences in
distal diaphysis geometry evident in the adjacent tibia. It was also
observed that the age-related decrease inmuscle mass/strength in
healthymenwas associated to reduced tibia but not fibula cortical
mass (14). In addition, the cross-sectional design of the normal
human fibula diaphysis suggests to bemore irregularly influenced
along the bone by bending and torsional forces (as revealed by
the distribution of the corresponding cross-sectional moments
of inertia values) than by compressive loads (as revealed by the
distribution of cortical area values) (5). Furthermore, conflicting

findings about the structural responses of the fibula to exercise

have been reported in the few studies to date (1, 15–18).
The fibula was shown to be irresponsive to 9-month resistive

exercise with whole-body vibration in postmenopausal women

(15) and was structurally reinforced in torsion by only high-
impact exercise loading in premenopausal women (1). In men
trained in high-impact sprinting in whom only the site at the
fibula mid diaphysis was scanned, no differences attributable to
training on fibula structure or volumetric BMD distribution were
reported (16). However, hockey players (who accelerate and turn
with substantial dorsiflexion and eversion of the foot) had greater
fibular strength than runners (17), and footballers showed amore
robust cortical structure of the fibula in the supporting than in the
kicking leg (18).

These observations suggest that, oppositely to the tibia,
the adaptability of cortical fibula structure to mechanical
environment could vary in magnitude, type, and even in
direction, and may show either positive or negative responses
to similar kinds of mechanical stimulation along the bone, with
high site specificity, and perhaps in an unpredictable way in some
instances (19). Cristofolini et al. (8) showed different structural
responses of the fibula and other leg bones to opposite regimens
of stimulation which could not be explained by the theory of
elasticity, and proposed that bone tissue could show a non-
symmetric behavior in some instances, perhaps defying some
aspects of Wolff ’s Law and mechanostat Theory (9). Others’
observations (20–24) would be in consonance with that view.
In fact, some fibula adaptations to different kinds of mechanical
stimulation could have both positive and negative impact on the
function. For example, a fibula that was more compliant to lateral
bending could be somewhat weaker, but also more efficient at
storing energy from muscle contractions for jumping (25). The
question seems to be, how much fibular deformability should be
allowed in order to favor the biomechanical performance of the
bone without substantially increasing the risk of fracture.

The few (cross-sectional) available studies of exercise effects
on the fibula have investigated only one or no more than 4
sites or only one sex. No study has described the responses
to exercise throughout the male and female fibula, allowing
comparison of regions which biomechanical and tomographic
descriptions would suggest experience substantially different
mechanical loading. To partially fill this gap, this study (also
cross-sectional) aimed to describe differences in fibula structure
as assessed by pQCT in trained long-distance runners and
untrained controls of both sexes and compare them with those
observed in the adjacent tibiae. The working hypothesis was
that, in contrast with the tibia, the runners’ fibula structure
should show some regional differences with respect to that of
the untrained individuals which could be more related with the
functional behavior of the bone in running (with a high selective
relevance) than with an improvement in bone strength.

MATERIALS AND METHODS

The Study Participants
The studied individuals were 60 healthy, freely active, young
white adults (30/30 men/women), residents of the urban area
of Rosario City, Argentina. None of them had a history
of fractures or diseases, smoking or drinking, or treatments
affecting the skeleton, and none of the women had a history of
menstrual disorders.
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FIGURE 1 | Schematic representation of the double-loop feedback system [bone mechanostat (8)] which controls the structural stiffness of bones as a function of the

mechanical usage of the skeleton. Osteocytes sense the magnitude of the induced strains and modulate bone formation and destruction by osteoblasts and clasts

(OB, OC) directionally in their environment. As a result, bone modeling is oriented tending to compensate for any directional inadequacy of bone structural stiffness.

TABLE 1 | Means and SDs of age, body weight, body height, body/mass index, tibia length, and tibia length/body height ratio of the studied groups, and ANOVA tests of

the differences in these variables between sedentary and runner individuals within each sex.

Men Women

Untrained Runner ANOVA, p Untrained Runner ANOVA, p

Age, year 30.8 ± 3.0 32.7 ± 3.0 0.382 (ns) 30.4 ± 2.9 30.8 ± 3.4 0.173 (ns)

Weight, kg 78.1 ± 6.3 74.3 ± 5. 0.589 (ns) 57.6 ± 5.7 54.1 ± 4.1 0.262 (ns)

Height (h), cm 173.9 ± 3.3 173.2 ± 3.1 0.400 (ns) 163.5 ± 3.1 161.0 ± 4.1 0.200 (ns)

Body/mass index 26.8 ± 4.2 26.4 ± 1.4 0.748 (ns) 21.8 ± 0.8 22.3 ± 1.2 0.180 (ns)

Tibia length, mm 39.8 ± 1.8 39.2 ± 2.1 0.401 (ns) 37.2 ± 2.3 36.5 ± 2.1 0.199 (ns)

Tibia length/h ratio 0.22 ± 0.01 0.23 ± 0.0 0.503 (ns) 0.23 ± 0.01 0.22 ± 0.01 0.161 (ns)

From that selected group, 30 individuals (15/15 men/women)
aged 25–38 years had been engaged as a single, voluntary and self-
controlled group in regular long-distance running comprising
3–5 sessions per week, 10–16 km per session, for 8–11 years, at an
average velocity of 11.2± 0.7 km/h for men and 10.3± 0.7 km/h
for women (runners group) until the time of the study. In a
unique, cross-sectional observation, they were compared with
a control group of 15/15 men/women of comparable age. The
latter were selected from a freely recruited sample of voluntary
participants after a public announcement made in the ambit of
the UGR (i.e., within the same social environment as that of
the runners), avoiding inclusion of those with excessive large
or small weight and stature within sexes with respect to the
corresponding means and SDs of the trained groups in order to
minimize the influence of allometric associations of the assessed

variables which could have been difficult to neutralize by the
adjusting procedures applied. All individuals studied performed
a similar, regular pattern of daily activities concerning activity
at work, travel to and from places of work, and recreational
activities which was equivalent to the “moderate” level of activity
established by the Global Physical Activity Questionnaire (GPAQ)
(26). The control groups had never been trained in running
or in any other discipline involving a specific use of the legs;
hence, they were regarded as active (non-sedentary) untrained
individuals. The age and anthropometric data of the samples and
their tibia length (as assessed for the tomographic studies—see
below) and tibia length/body height ratio are given in Table 1.

The statistical significance of the inter-group differences within
sexes in all the above variables is also indicated as a measure of
the degree of homogeneity achieved for the respective samples.
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Informed consent was obtained by every individual before
inclusion in the study. The study was approved by the Hospital’s
Ethics Committee (Comité de Ética, Hospital Provincial del
Centenario, Rosario, Argentina).

pQCT Measurements
An XCT-2000 scanner (Stratec, Germany), software version 5.0,
was used to scan the entire dominant leg of each individual. The
radiation dose was about 0.9 µSV per scan (<20 µSv for the
whole study). The slices were 2.5mm thick, and the in-plane
pixel size was 0.5mm. A previously reported, computer-aided
procedure to serially scan the whole tibia (2) was used to analyze
the corresponding length of the adjacent fibula. Leg scans were
obtained at every 5% of the leg length from the projection of the
tibia-talar joint line to the articular line of the knee. Scans were
numbered from S5 (5% site, located 5% of the scanned length
proximal to the tibia-talar joint) to S95 (95% site, located 95% of
the scanned length proximal to the tibia-talar joint). The device
allows for no more than 9 slices per session. Thus, each half of
the scanned length of the leg had to be studied separately and
the scan at S50 (starting point for scanning the proximal segment
of the leg) could not be obtained. The distal end of the fibula
(analogously to the tibia malleolus as a distal landmark) could
not be scanned below the S5 because the field size did not allow
for introduction of the foot. Therefore, a total of 18 scans were
obtained per each fibula and tibia, and hitherto any reference
to the studied bones applies to the described length taken
proximally from S10 to S80 (i.e., 14 scans per individual) in merit
of accuracy and reliability of the measurements or calculations.
Threshold values for total and cortical bone were selected at 180.0
and 710.0 mg/cm3, respectively, using the parameters contmode
2, peelmode 2, and cortmode 1. The following indicators were
obtained as allowed in every site studied.

Cortical Perimeters and Thickness
- Periosteal perimeter, in mm.
- Endocortical perimeter, in mm.
- Cortical thickness: average thickness of the bone cortex

automatically given by the machine, in mm.

These indicators describe the most elementary geometric
parameters which are directly affected by bone modeling.

Bone “Mass” Indicator
- Cortical bone area, in mm2.

This indicator reflects the amount of available cortical tissue in
the bone section. It was studied as such and was also normalized
by body mass (27) to evaluate the influence of allometric factors
in the determination of the observed differences.

Bone Tissue Mineralization [and Intrinsic Stiffness

(28)] Indicator
- Volumetric cortical mineral density (cortical vBMD) = cortical

BMC (mg/mm of scan thickness)/cortical area, in mg/cm3 [data
shown for only the S15-S75 range of bone sites as allowed by
the cortical thickness (29)].

This indicator assesses the degree of mineralization of bone
tissue, which is regarded as an indirect indicator of its intrinsic
stiffness (elastic modulus) (28).

Indicators of the Architectural Efficiency of Cortical

Tissue Distribution Within the Bone Section
- Cross-sectional moments of inertia (MI’s): The reference axes

for MI calculation were the ML (x) axis (AP bending MI,
xMI), and the AP (y) axis (ML bending MI, yMI), in mm4.
Total sums of products of the area of every cortical pixel by
its squared perpendicular distance to the x and y axes of the
image center of mass were obtained, after rotating the axis
system until achieving a maximal “y” value of the AP axis.
The xMI and yMI values are proportional to the stiffness of
bone shafts in AP and ML bending, respectively. All MI values
were studied after being normalized by the product of body
weight times the bone length (bw∗L) (27) to minimize their
allometric associations.

- Fibula/tibia MI ratio. The yMI was also expressed as the ratio
between its fibula and tibia values as a further, allometrically-
free comparison of yMI values between the two bones.

- yMI/xMI ratio [“shape index” (30), dimensionless]:
relationship between the yMI and xMI values determined at
each bone site. This index is regarded as a body size-unrelated
indicator of the relative development of the yMI with respect
to that of the xMI in the same bone sites or regions.

- Buckling ratio (BR) = R/CtTh (dimensionless), being R the
mean diaphyseal cross-sectional radius, and CtTh the average
cortical thickness. This indicator is proportional to the risk of
the diaphysis to fail in buckling.

- Buckling Resistance Index (BRI) = 1/BR (dimensionless). In
this study, this index is regarded as an indicator of the
resistance of the diaphysis to fail in buckling (31).

Statistical Analyses
Statistica (StatSoft Inc., USA, 2008) software was used. Means
and SEs were calculated for each indicator separately in men
and women and in runners and controls within each sex and
plotted by scanned site for each bone. The distribution of all
the pQCT indicators throughout the fibula was examined in
order to define site-specific differences throughout the bone, and
to compare them with those observed for the tibia. Factorial
ANOVA of the evolution of the studied indicators in men
and women in every site throughout the two bones (“site-
effect”) evaluated the higher-order interactive effects of all the
studied groups (“sex effect” and “training effect”). The procedure
automatically detected any group of successive sites within which
the “training effect” showed significant global differences between
trained and untrained individuals within each sex. No statistically
significant differences were detected for single, isolated sites
in any instance. Thus, continuous segments of bone diaphyses
showing significant results could be objectively defined for each
sex and selected for further comparisons.

The numbers of individuals per group were all larger than
those which were analyzed in all our 4 previously published
studies employing the same analytical model (2–5). The potency
of the method for comparisons between runner and untrained
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FIGURE 2 | Examples of the 14 selected scans corresponding to the leg of one of the untrained individuals, taken from the most proximal site (S80) to the most distal

one (S10), as described in Materials and Methods.

individuals within each sex for α = 0.05 ranged from 0.84
for a defined significant segment containing a minimum of
3 consecutive sites to a minimum of 0.99 when 7 or more
consecutive sites were included in the selected segment.

RESULTS

Table 1 shows the relative homogeneity of the trained and
untrained samples concerning age and some of the more relevant
anthropometric features to the biological determination of all
bone parameters studied.

Figure 2 shows the complete series of 14 selected scans taken
from the leg of one of the untrained individuals, from the most
proximal (S80) to the most distal (S10) site.

The comparison of runner vs. control data differed from
tibia to fibula indicators. The differences observed were generally
more evident in men than in women and exhibited some bone-
site specificity in several cases, as described below.

Bone Mass Indicator (Cortical Bone
Area—Figure 3A)
In the tibiae (left), cortical area was significantly higher in runners
than controls throughout the bone in men and along the central-
proximal region in women, while in the fibulae (right), cortical
area was lower in runners than controls in the proximal (men)
or central-proximal regions (women). Adjustment of the data to

body mass (not shown) did not affect the intra- or inter-group
behavior of the data.

Bone Mineralization and Tissue Stiffness
(28) Indicator (Cortical vBMD—Figure 3B)
In the tibiae, cortical vBMD was slightly but significantly lower
proximally (−1% to−3%) in runner men and women and higher
distally (+1 to +4%) in runner men with respect to controls. In
the fibulae, cortical vBMD was significantly higher (+2 to +5%)
in runner men (only) than in controls below S70.

Cortical Perimeters and Thickness
(Figure 4)
In running men only, periosteal perimeter was significantly
larger at the central-proximal region of the tibia and slightly
but significantly smaller toward the distal end of the fibula with
respect to untrained controls (Figure 4A). These differences were
largely reduced or neutralized after adjustment by body weight
(not shown). The endo-cortical perimeter was significantly
smaller in runners than in control men and women in the
distal tibiae and in the central-distal fibulae only in the men
(Figure 4B). The balance of these differences led to a significantly
higher cortical thickness in runners than controls all along the
tibiae in both sexes but only in the central-distal fibulae in men’s
bones (Figure 4C).
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FIGURE 3 | Distribution of means and S.E. of the cortical bone cross-sectional area (A) and volumetric mineral density (B) of the tibia (left graphs) and fibula (right

graphs) of runner (continuous lines) and untrained (dashed lines) men (red curves) and women (green curves) in all studied sites along the bones. Statistical

significances of the factorial-ANOVA assessed differences between runners and untrained individuals within each sex and the corresponding, automatically defined

site intervals showing significant results are indicated. Outside the indicated sites these differences were non-significant.

Bone Cross-Sectional Design Indicators
(MIs, “Shape Index,” BRI—Figures 5, 6)
In the tibiae, both [bw∗L]-adjusted MIs were progressively
larger in runners than in controls, proximally to S30
in men and to S10 in the women. In contrast, in the
fibulae, the adjusted yMI and xMI varied differently.
While the yMI was significantly lower in runner than
in control men and women virtually throughout the
bone (Figure 5A), the xMI showed no significant
differences (Figure 5B).

The body-size unrelated “shape index” (unadjusted yMI/xMI
ratio; Figure 6A) showed virtually no variation in the tibiae
in all groups throughout. Instead, in the fibulae, it was
generally higher in men than in women in the central-
proximal region, and significantly lower in runners than
controls all through (average −18% in men and −8%
in women).

The ratio between fibula and tibia yMIs (unrelated to body

size) was lower in all runners than controls throughout the

bones (Figure 6B).

The BRI (also unrelated to body size) was significantly higher
in runner than control men (central-distally in both bones) and
women (only in the distal fibula) (Figure 7).

DISCUSSION

The aim of this cross-sectional study was to describe differences
in fibula cortical bone structure between trained runners and
controls throughout the bone’s length, and to compare these
differences with those observed in the neighboring tibia of
the same individuals. We observed site-specific differences in
several cortical bone parameters of the fibula, with values in
trained individuals being generally similar to or lower than those
observed in controls with the exception of higher resistance
to buckling distally. These results contrast with those observed
in the tibia, where structural indicators of bone strength were
generally greater in trained individuals.

It is widely accepted that the long-term mechanical
stimulation of any mobile bone strengthens rather than
weakening its structure, and vice-versa (32). In this study, the
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FIGURE 4 | Distribution of means and S.E. of the cross-sectional periosteal (A) and endocortical (B) perimeters and cortical thickness (C) of the tibia (left graphs) and

fibula (right graphs) of runner (continuous lines) and untrained (dashed lines) men (red curves) and women (green curves) in all studied sites along the bones. Statistical

significances of the factorial-ANOVA assessed differences between runners and untrained individuals within each sex and the corresponding, automatically defined

site intervals showing significant results are indicated. Outside the indicated sites these differences were non-significant.
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FIGURE 5 | Means and S.E. of the [bw*L]-adjusted cross-sectional moments of inertia for ML bending (yMI, A) and AP bending (xMI, B) of the tibia (left graphs) and

fibula (right graphs) of runner (continuous lines) and untrained (dashed lines) men (red curves) and women (green curves) in all studied sites along the bones. Statistical

significances of the factorial-ANOVA assessed differences between runners and untrained individuals within each sex and the corresponding, automatically defined

site intervals showing significant results are indicated. Outside the indicated sites these differences were non-significant.

differences observed between the runners’ tibiae were congruent
with that idea, as expected after a previous observation (3).
However, the fibula data revealed (1) a different behavior of
medio-lateral and A-P bending stiffness indicators, yMI and
xMI, in runners than in controls, and (2) a different behavior
of the inter-group differences in yMI (decrease in runners) and
BRI (increase in runners) toward the distal end of the bone.
These differences were generally more evident in men’s than in
women’s bones, possibly because of the differences in muscle
force and hormonal status which may exert direct effects on
bones that are known to show some skeletal-envelope and site
specificity (33–36).

The distribution of the observed inter-group differences
throughout each bone was also contrasting. In fact, in the
runners’ tibiae, the differences in the indicators of bone AP
and ML bending stresses (xMI, yMI) increased consistently in
parallel in the proximal direction, progressively improving the

ability of the cross-sectional design to resist the natural, training-
induced stresses in bending and torsion with respect to untrained
controls, as previously described (3). In contrast, in the runners
fibulae, each of the two MIs and also the BRI changed differently
through the bone, suggesting that, in individuals subjected to the
same training, the fibula can show either a higher or a lower
bone stiffness than that of untrained individuals, depending
on the bone region and kind of stress considered (ML or AP
bending, buckling).

In addition, whatever the nature of the underlying
mechanisms involved, the differences in fibula indicators
between runners and controls were associated to some apparent
incongruence between the differences observed in fibula
mass/density and in design/strength indicators, chiefly derived
from regional differences in the periosteal and endosteal
perimeters. In fact, in the central-distal region of runner’s fibulae,
despite that bone mass was similar, cortical thickness was greater
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FIGURE 6 | Means and S.E. of the “shape index” (unadjusted yMI/xMI ratio) of the tibia (left graph) and fibula (right graph) (A) and the fibula/tibia yMI ratio (B) of runner

(continuous lines) and untrained (dashed lines) men (red curves) and women (green curves) in all studied sites along the bones. Statistical significances of the

factorial-ANOVA assessed differences between runners and untrained individuals within each sex and the corresponding, automatically defined site intervals showing

significant results are indicated. Outside the indicated sites these differences were non-significant.

than in controls. Furthermore, the ML bending stiffness (as
assessed by the yMI) was lower than controls throughout the
bone, while the A-P bending stiffness (as assessed by the xMI)
was similar in both groups, independently from the regional
differences in bone mass. This contrasts with the generally higher
values of all mass and design/strength indicators observed in the
tibiae of the same individuals in this and in a similar, previously
studied sample (3). Therefore, the observed differences in fibula
MIs development should have reflected differences in proximal
and distal behavior of bone modeling and/or remodeling.

The larger resistance to buckling (BRI) observed distally in
runners’ fibulae than in controls’ can be also related to differences
in all bone mass, design and mineralization. In fact, both the BRI
(proportional to cortical thickness) and cortical vBMD (a general
correlate of bone tissue stiffness) were higher in the runners
in that region. There is some evidence that these differences,

biomechanically opposite to the negative differences observed
in ML bending stiffness (yMI), may be explained by a larger
sensitivity to mechanical loading in the endocortical than in
the periosteal surface (37) as determined by systemic (non-
directional) factors (the “anti-mechanostat”) (38).

The above proposals to explain the contrasting behavior of
different indicators in our runners’ fibulae [in agreement with
the striking structural differences between bones which were
already observed by us in chronically immobilized legs (13)] are
congruent with our description of five morphologically different
regions throughout the human fibula in which some structural
indicators varied widely between sites (5). This suggests that the
bone could respond differently to different kinds of strains with
large site specificity. The observation of different responses to
exercise of structural indicators of bones situated in the same
limb or in different regions of the same bones is not new (20, 23).
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FIGURE 7 | Means and S.E. of the “buckling resistance index,” BRI = 1/buckling ratio) of the tibia (left graph) (A) and fibula (B) (right graph) of runner (continuous

lines) and untrained (dashed lines) men (red curves) and women (green curves) in all studied sites along the bones. Statistical significances of the factorial-ANOVA

assessed differences between runners and untrained individuals within each sex and the corresponding, automatically defined site intervals showing significant results

are indicated. Outside the indicated sites these differences were non-significant.

The nature of some exercise-induced changes has been shown to
be negative in some instances, with a possible association with a
locally reduced osteoblast generation or activity (22, 39).

At any rate, these findings are congruent with the current
conception that the “customary strain level” to which bone
tissue seems to be adapted is not constant, but varies by skeletal
location, type of strain, strain gradient, and loading history
(19, 33, 34, 40–43). In the fibula, running could have induced
repetitive loads in AP and ML bending (17, 44) and many factors
(not assessed in this study) could have affected the type of strain
induced to the fibulae by long-distance running, including the
behavior of the ankle joint and the distal tibiofibular syndesmosis,
and the stiffness of the interosseous membrane (6, 45).

If the above assumptions are right, then our results would also
suggest that the behavior of the fibula in our chronically trained
runners would lay beyond our traditional knowledge about bone
responses to mechanical environment as managed by the bone
mechanostat (9). In consonance with this interpretation, cross-
sectional studies in animals showed that loading-induced bone
growth may not be directionally related to the induced local
strains in every instance (24, 46).

The above interpretations are congruent with some
phylogenetical observations. In fact, the evolutionary pathways
of the fibula oscillate from region-specific robustness or
slenderness according to survival needs even in taxonomically
close species, including hominoids (17, 45). Following that idea,
in can be proposed that, in our runners’ fibulae, the generally
larger compliance to ML bending with respect to controls might
conveniently improve the ability of the bone to store elastic
energy during the contraction of the locally inserted muscles
which act on the foot during running/jumping (25, 47–49). On

the other hand, the weakening of the proximal and distal design
of the fibula concerning ML bending could increase the risk of
ML-bending fractures. However, this apparent inconvenience
could be at least partially overcome by the distal enhancement
of buckling strength which was also observed. This could reduce
the risk of most common (buckling) fractures at the most critical
[distal (50)] region of the bone.

Therefore, in congruence with our hypothesis, our findings
could be more easily explained if the fibula could respond
distinctly to different types of strains in different regions, as
observed in the ulna (19, 51) and in in-vitro studies at
the cellular level of biological organization (52). As stressed
by Ruff (19), (1) “strain distributions in bones that are
less specialized for cursorial locomotion more closely match
traditional expectations of greater bone strength in directions
of higher strain, especially during vigorous movement” (51),
and (2) “some degree of bending could actually be beneficial
to bone tissue by maintaining strains within the ‘optimum
customary’ window (53) avoiding potentially catastrophic strains
in ‘unusual’ orientations,” as observed in this study. Thus, bone
structure may be genetically designed in some cases to confine
strains tomore predictable patterns rather than strictly to minimize
strains (48, 53, 54).

In other words, our results would suggest that the fibula could
be regarded as a “less predictable” bone than the tibia, the reasons
for the difference being as much phylogenetic as mechanical
(19). This interpretation is congruent with the assumption that,
rather than mathematical optimization rules for bone architecture,
there seems to be just a biological process which adapts bone
structure to mechanical demands, adequate for evolutionary
endurance (55, 56).
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LIMITATIONS OF THE STUDY

The cross-sectional nature of the study precludes any reference
to “improvements” or “impairments” of the studied indicators
as directly derived from training, thus restricting the discussion
of the observed effects to simple comparisons between the
bone features of the studied groups. In fact, results could,
at least partly, be explained by self-selection bias, given that
the athletes chose their disciplines by their own volition.
However, the observed anthropometric homogeneity of the
samples, the MI adjustments to body weight and bone
length, the behavior of the size-unrelated “shape index,”
and the comparisons made between fibula and tibia MI
data of the same individuals should have minimized any
interference from allometric correlates with the described inter-
group differences. Therefore, the different behavior of cortical
bone mass distribution in tibia and fibula between runners
and controls could be reasonably regarded as a “training
effect.” Nevertheless, we think that further, specifically designed
longitudinal studies will be needed to confirm our findings
and conclusions.

The number of individuals per group (15), although being
somewhat larger than those selected for our previous, similar
studies (1–5), could be regarded as relatively small. However,
the acceptable potency of the study and the statistical strength
of most of the differences observed would support our
interpretation of the reported results. At any rate, further studies
with larger number of individuals (and wider ranges of ages) will
be needed to support our interpretation of the present findings.

The studied sample comprised only healthy, active (not
sedentary) adult men and pre-menopausal women that were
either untrained or trained in long-distance running for several
years. Thus, the conclusions should be restricted to these specific
experimental conditions.

The study model was restricted to determinations of bone
features which can be assessed by pQCT, i.e., to only those
which are strictly derived from and affected by changes in bone
mineralization and geometry of the studied bones.

CONCLUSIONS

This study affords some original evidence of a striking, “non-
canonical” behavior of the human fibula concerning its structural
response tomechanical environment as compared to the adjacent
tibia. In the tibia, runners were found to have generally bigger,
stronger diaphyses. In the fibula, however, runners exhibited

diaphyses which were somewhat smaller in size and lower in
structural strength compared to non-runners.

Those differences, more evident in men than in women, could
have enhanced the ability of the fibula to contribute to fast-
running optimization, in spite of a general weakening of the
bone in lateral bending and independently of the differences
observed in bone mass. However, the buckling strength of the
bones seemed to have been conveniently improved at its distal
end, which is the site most prone to fracture.

These findings support the idea that bone functional
adaptation is complex and not easy to predict based on our
current understanding of the process. The study suggests that
mechanical loading may affect different bones in distinct ways,
beyond the scope currently proposed by the mechanostat
Theory, not only regarding resistance to fracture, but also
concerning other bone features which may show some
selective connotations.
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Osteoporosis is a metabolic skeletal disorder in which bone mass is depleted and bone

structure is destroyed to the degree that bone becomes fragile and prone to fractures.

Emerging evidence suggests that N6-methyladenosine (m6A) modification, a novel

epitranscriptomic marker, has a significant role in bone development and metabolism.

M6A modification not only participates in bone development, but also plays important

roles as writers and erasers in the osteoporosis. M6A methyltransferase METTL3

and demethyltransferase FTO involves in the delicate process between adipogenesis

differentiation and osteogenic differentiation, which is important for the pathological

development of osteoporosis. Conditional knockdown of the METTL3 in bone marrow

stem cells (BMSCs) could suppress PI3K-Akt signaling, limit the expression of bone

formation-related genes (such as Runx2 and Osterix), restrain the expression of vascular

endothelial growth factor (VEGF) and down-regulate the decreased translation efficiency

of parathyroid hormone receptor-1 mRNA. Meanwhile, knockdown of the METTL3

significantly promoted the adipogenesis process and janus kinase 1 (JAK1) protein

expression via an m6A-dependent way. Specifically, there was a negative correlation

between METTL3 expression and porcine BMSCs adipogenesis. The evidence above

suggested that the relationship between METTL3 expression and adipogenesis was

inverse, and osteogenesis was positive, respectively. Similarly, FTO regulated for BMSCs

fate determination during osteoporosis through the GDF11-FTO-PPARγ axis, prompting

the shift of MSC lineage commitment to adipocyte and inhibiting bone formation during

osteoporosis. In this systematic review, we summarize the most up-to-date evidence

of m6A RNA modification in osteoporosis and highlight the potential role of m6A in

prevention, treatment, and management of osteoporosis.

Keywords: RNA N6-methyladenosine modification, m6A writers, m6A erasers, bone development, osteoporosis

INTRODUCTION

Osteoporosis is a systemic skeletal disease characterized by decrease in bonemineral density (BMD)
and deterioration in bone microarchitecture (1, 2). It is a complex multifactorial disorder due to
an interaction between genetic and environmental factors, dietary habits, and lifestyle. Patients
suffer from chronic pain and decreased quality of life (3). Osteoporotic fractures increase disability,
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mortality, and health-care cost, especially among elder peoples
(4). For example, the cumulative mortality after 1 year
of an osteoporotic hip fracture occurrence varies between
20 and 40% (5). Due to its silent nature, osteoporosis
is often under-diagnosed and under-managed, which needs
immediate attention.

Epigenetics is the study of heritable changes in gene
expression that do not involve alterations in the DNA/RNA
sequence, including DNAmethylation, histonemodification, and
RNAmodification (6, 7). As a consequence of gene–environment
interactions, various environmental factors could trigger
different epigenetic processes which regulate gene transcription
(8, 9). Among them, DNA methylation and demethylation
are the most extensively studied, especially alteration in the
methylation of cytosine nucleotides in CpG islands located
in the promoter region of genes. Hypomethylation of the
cytosine bases of the DNA promoter sequence in CpG islands
activates gene expression, and hypermethylation silences gene
expression (8, 10). Aberrant DNA methylation patterns can
result in developmental disorders (11). Modification of histone
molecules within chromatin plays important roles in regulating
gene expression. Enzymes, including histone acetyltransferases
(HAT), histone methyltransferases (HMT), histone deacetylases
(HDAC), histone demethylases (HDM), and others, couldmodify
histones to alter gene expression by regulating promoter activity,
chromatin structure, dosage compensation, and epigenetic
memory, without changes in the nucleic acid sequences (8, 12).
Moreover, epigenetic factors are also involved in bone biology
and osteoporosis, which play a bridging role between individual
genetic aspects and environmental influences (13).

RNA modification is another important post-transcriptional
regulation, among which N6-methyladenosine (m6A)

FIGURE 1 | The schematic diagram of m6A RNA modification. The process is composed of installation, removal, and identification performed by writers, erasers, and

readers. The METTL3–METTL14–WTAP methyltransferase complex catalyses a methyl group transfered from SAM into the N6 position, and the demethylases FTO

and ALKBH5 catalyse the oxidative demethylation from methylated adenosine. The methyl group introduced is marked in red. The readers of the YTH domain family

are effectors that decode the m6A methylation code and transform it into a functional signal in nucleus and cytoplasm.

modification of mRNA is one of the most highly abundant
(14, 15). First reported in 1970s, m6A modification was found
to have a broad functional influence on stabilizing homeostasis
closely correlated to post-transcriptional gene expression
regulation, growth and development (14, 16–20). It regulates the
metabolic processes of most RNAs, including the pre-mRNA
splicing, mRNA export, turnover, and translation of mRNA
(18, 21–23). M6A modification is tightly closely correlated
to fundamental biological processes such as adipogenesis
(24–26), mammalian spermatogenesis development (27), RNA
dynamics of T cells (28), pluripotency differentiation (29–35),
and response to heat shock (36, 37). Moreover, it was found to
get involved in the etiology of various diseases including cancers
(36, 38, 39), systemic lupus erythematosus (40), rheumatoid
arthritis (16), and coronary artery disease (41). It was revealed
that m6A modification commonly occurred at the consensus
motif RRACH (R = A, G; H = A, C, U) (14, 40). The process
is catalyzed by the orchestrated action of highly conserved
methyltransferase (m6A writers) and demethylase (m6A
erasers) enzymes (42). M6A writer is composed of a METTL3
(methyltransferase-like3)-METTL14 (methyltransferase-like
14)-WTAP (Wilm’s tumor–associated protein) complex (43–45).
Two members of the Fe(II)- and 2-oxoglutarate-dependent
oxygenase superfamily, FTO and ALKBH5, act as m6A erasers
(46). N6-methyladenosine (m6A) reader proteins of the YTH
family serve as recognition elements for the effector proteins.
YTHDF1/3 enhance translation efficiency of methylated mRNAs,
while YTHDF2 promotes mRNA decay (6) (Figure 1). Recently,
it is demonstrated that the DNA demethylase ALKBH1 play
an unexpected role in modulating hypoxia-induced genes in
human glioblastoma. M6A modification of DNA modification
is markedly upregulated and highly associated with the
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TABLE 1 | Summary of included studies about the regulatory role of m6A mRNA modification in osteoporosis.

References Country Key findings Study type Summarized role of m6A in osteoporosis

Tian et al. (54) China METTL3 regulates osteogenic differentiation and

alternative splicing of Vegfa in bone marrow

mesenchymal stem cells.

Experimental study Bone development;

Differentiation of adipocyte and osteoblast.

Yao et al. (55) China METTL3 inhibits BMSC adipogenic differentiation by

targeting the JAK1/STAT5/C/EBPbeta pathway via

an m6A-YTHDF2–dependent manner.

Experimental study Bone development;

Differentiation of adipocyte and osteoblast.

Wu et al. (53) China METTL3-mediated m(6)A RNA methylation

regulates the fate of bone marrow mesenchymal

stem cells and osteoporosis.

Experimental study Bone development;

m6A writer in osteoporosis;

Differentiation of adipocyte and osteoblast.

Tran et al. (56) Australia Association between

fat-mass-and-obesity-associated (FTO) gene and

hip fracture susceptibility.

The candidate gene

association study

m6A-associated SNPs for bone mineral

density or osteoporosis.

Guo et al. (57) China The fat mass and obesity associated gene, FTO, is

also associated with osteoporosis phenotypes.

The candidate gene

association study

m6A eraser in osteoporosis;

m6A-associated SNPs for bone mineral

density or osteoporosis;

Differentiation of adipocyte and osteoblast.

Shen et al. (51) China The GDF11-FTO-PPARgamma axis controls the

shift of osteoporotic MSC fate to adipocyte and

inhibits bone formation during osteoporosis.

Experimental study Bone development;

m6A eraser in osteoporosis.

Mo et al. (52) China Genome-wide identification of m(6)A-associated

SNPs as potential functional variants for bone

mineral density.

Genome-wide

association study

m6A-associated SNPs for bone mineral

density or osteoporosis.

Sachse et al. (58) UK FTO demethylase activity is essential for normal

bone growth and bone mineralization in mice.

Experimental study m6A eraser in osteoporosis.

McMurray et al. (59) UK Pharmacological inhibition of FTO. Experimental study m6A eraser in osteoporosis.

H3K9me3 heterochromatin histone modification in human
glioblastoma (47).

It has been shown that DNA methylation and
posttranslational histone modification participant in gene
expression of bone cells (48, 49). These epigenetic programs
are essential for physiological and pathological process, such
as bone remodeling and bone metabolic disorders (6, 50).
Besides, there is growing evidence that m6A modification is a
potential pathogenesis mechanism in osteoporosis (51–53). We
systematically searched PubMed and EMBASE (up to July 2019)
using keywords “(mRNA modifications OR epitranscriptomics
OR N6-methyladenosine modification OR m6A modification
OR m6A OR FTO OR Mettl3) AND (bone OR osteoporosis
OR bone marrow stem cells OR BMSCs OR bone mineral
density OR BMD)” to decipher the role of m6A modification
in osteoporosis, which might help further understand the
pathogenesis of osteoporosis and provide theoretical basis
for potential epigenetic-based therapeutics of osteoporosis.
The inclusion criteria was: (1) to evaluate the association
between RNA N6-methyladenosine modification in bone
biology and osteoporosis; (2) full-text articles; (3) sufficient
data on the regulatory mechanism. We identified 223 and 103
citations in PubMed and EMBASE, respectively. After removing
32 duplicates, 294 citations remained for title and abstract
screening, from which nine articles were retrieved for full text
screening (Table 1). Studies excluded due to not associated with
RNA N6-methyladenosine modification in bone biology and
osteoporosis (n = 247), reviews (n = 26), meta-analysis (n = 2),
letters (n = 1), case reports (n = 2), meeting abstracts (n = 4),

protocol (n = 1), and clinical trials (n = 2). Of the nine relevant
studies, six were experimental studies, two were the candidate
gene association studies and one was genome-wide association
study. Based on the nine included studies, we discussed five parts
below in detail related to m6A modification and osteoporosis in
this systematic review.

M6A MODIFICATION REGULATES BONE
DEVELOPMENT

M6A modification of mRNAs has been discovered as a reversible
RNA methylation and is widely conserved in mammalian
cells (15, 42, 60). It is the most prevalent and internal
modification that is tightly related to fundamental biological
processes (Figure 1). M6A has recently been reported to
play a part in pluripotency differentiation and development
of the cell lineage (29, 30, 32, 33), including osteogenic
differentiation of bone marrow stem cells (BMSCs) (51, 53,
54). The human skeleton is a metabolically active tissue that
undergoes continuous turnover and remodeling throughout
life (48). Under homeostatic conditions, there is a delicate
balance between osteoblast-mediated bone regeneration and
osteoclast-mediated bone resorption (61, 62). Abnormalities of
this process can produce a variety of skeletal disorders (63).
BMSCs, also known as bone marrow-derived mesenchymal
stem cells, are multipotent stromal cells with the ability of
differentiating into osteoblast, chondrocyte, and adipocyte both
in vitro and in vivo (64). In normal conditions, that would be a
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FIGURE 2 | Proposed model depicting regulation and role of METTL3 and FTO in BMSC adipogenesis and osteogenesis with regard to osteoporosis. Working model

of the mechanism of METTL3 knockdown increased JAK1/STAT5/C/EBPb pathway, decreased PTH/Pth1r signaling axis, decreased expression of RUNX2, Osterix,

and Vegfa and decreased PI3K-Akt signaling pathway. Overexpression of FTO in a GDF11-C/EBPα-dependent mechanism resulted in increase of the Pparg mRNA

and the promotion of adipogenesis.

dynamic equilibrium for their differentiation of adipocytes and
osteoblasts (65).

Recently, Yao et al. found that METTL3 plays an important
role in BMSCs differentiation and adipogenesis. There was a
negative correlation between METTL3 expression and porcine
BMSCs (pBMSCs) adipogenesis (55). Specifically, METTL3
inhibited pBMSCs adipogenic differentiation by targeting
the JAK1/STAT5/C/EBPβ pathway via an m6A-YTHDF2–
dependent manner. It was demonstrated that the deletion
of METTL3 significantly promoted the pBMSCs adipogenesis
process and janus kinase 1 (JAK1) protein expression via
an m6A-dependent way (55) (Figure 2). Similarly, in Tian’s
study, it was shown that METTL3 was highly expressed in
osteogenically differentiated BMSCs (54). METTL3 knockdown
limited the expression of vascular endothelial growth factor
(VEGF) and its bone formation-related splice variants (Vegfa-
164 and Vegfa188) in osteoblast-induced BMSCs, which was
implicated in the maturation of osteoblasts, ossification and
bone turnover. METTL3 knockdown decreased the expression
of bone formation-related genes (such as Runx2 and Osterix),

Akt phosphorylation, the alkaline phosphatase activity and
the formation of mineralized nodules. PI3K-Akt signaling was
suppressed by METTL3 knockdown in BMSCs during the
osteogenic differentiation process (54) (Figure 2). Furthermore,
METTL3 had a functional role in osteoarthritis progression by
regulating NF-kB signaling and extracellular matrix synthesis
in chondrocytes (66). RNA demethylase AlkB Homolog 5
(ALKBH5) was amplified in sarcomas and its expression was

highly elevated in osteosarcoma patients. Silencing of ALKBH5
inhibited the osteosarcoma growth and migration without
affecting the viability of normal human fetal osteoblast cells by
sensitizing osteosarcoma cells to DNA damaging agents (67).
Moreover, METTL3 promoted osteosarcoma cell progression by
regulating the m6A level of lymphoid enhancer-binding factor
1and activating Wnt/b-catenin signaling pathway (68).

M6A WRITERS IN OSTEOPOROSIS

Wu et al. reported that METTL3-mediated m6A RNA
methylation could regulate the fate of bone marrow
mesenchymal stem cells and osteoporosis (53). Conditional
knockout of the m6A methyltransferase METTL3 in BMSCs
induced pathological features of osteoporosis in mice and
resulted in impaired bone formation, incompetent osteogenic
differentiation potential, and increased marrow adiposity.
Conversely, METTL3 overexpression in BMSCs protected the
mice from estrogen deficiency-induced osteoporosis. METTL3
depletion resulted in the decreased translation efficiency of
parathyroid hormone receptor-1 mRNA. M6A affected both
osteogenic and adipogenic differentiation of MSCs through PTH
(parathyroid hormone)/Pth1r (parathyroid hormone receptor-1)
signaling axis. METTL3 knockout reduced the translation
efficiency of MSCs lineage allocator Pth1r, leading to reduction
of the global methylation level of m6A and disruption of the
PTH-induced osteogenic and adipogenic responses. PTH, bone-
promoting molecule, stimulates bone formation by activating the
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HSP90-dependent PERK-EIF2α-ATF4 signaling pathway (69)
and increasing the receptor activator of nuclear factor κ-B ligand
(RANKL)/osteoprotegerin (OPG) ratio through its receptor (70).
M6A modification was required for Pth1r translation. Loss of
METTL3 changed Pth1r mRNA from the polysome fractions
to the sub-polysome fractions (71), leading to slowing down
the protein synthesis of Pth1r and blocking the downstream
signaling pathways of Pth1r responsive to PTH treatment (53).
The regulatory mechanism was shown in Figure 2.

M6A ERASERS IN OSTEOPOROSIS

As an m6A eraser, FTO was associated with osteoporosis
phenotypes (57). It was founded that the whole body FTO
knockout mice appeared as immediate postnatal growth
retardation with shorter body length, lower body weight, and
lower bone mineral density (BMD) (72). As Sachse et al.
showed that FTO catalytic was essential for normal bone growth
and mineralization but was not required for normal body
composition except for normal body size and viability (58). They
found both BMD and BMC (bone mineral content) were reduced
in FTO knockout mice, which was comparable to that seen in
osteoporosis. It was indicated that a relatively small amount of
catalytic activity, roughly 20–50%, was sufficient to rescue the
bone phenotype (58).

Moreover, Shen et al. have reported that FTO was a
regulator for BMSCs fate determination during osteoporosis,
with a rise in bone marrow in a growth-differentiation factor
11 (GDF11)-C/EBPα-dependent mechanism. Increased serum
GDF11 concentration was associated with a high prevalence
of osteoporosis by stimulating osteoclastogenesis and inhibiting
osteoblast through inducing Smad2/3 phosphorylation (73–
75). Peroxisome proliferator-activated receptor gamma (PPARγ)
promoted the adipocyte differentiation and inhibited osteoblast
differentiation from BMSCs (76, 77). The GDF11-FTO-PPARγ

axis prompted the shift of MSC lineage commitment to adipocyte
and inhibited bone formation during osteoporosis, as a result
of the imbalance between bone mass and fat. FTO expression
resulted in the increase of the serum concentration of GDF11 in
the bone, which was a key risk for osteoporosis. The GDF11-FTO
signaling regulated the adipocyte and osteoblast differentiation
of MSC by targeting PPARγ dependent of the m6A demethylase
activity of FTO. Knock down the expression of FTO by means
of lentivirus-mediated shRNA in BMSCs blocked the function
of GDF11 and reduced the cells to differentiate to adipocytes.
FTO knockout repressed the development of osteopenia in
vivo through upregulation of adipocytic and down-regulation
of an osteoblastic gene. FTO could regulate the m6A level of
the transcriptional factor PPARγ mRNA. Aging and osteopenia
were associated with a decline in m6A content in total RNA,
which was consistent with the up-regulation of FTO expression
(51). McMurray et al. conducted an evaluation to examine
the effect of FTO demethylase function, and they found that
pharmacologically inhibition FTO with IOX3 did significantly
reduce BMD, BMC, and alter adipose tissue distribution. The
level of alkaline phosphatase, an indicator of osteoblast function
(61), was increased after use of IOX3 in mice compared with the
controls (59). The process was revealed in Figure 2.

IDENTIFICATION OF M6A-ASSOCIATED
SNPS FOR BONE MINERAL DENSITY OR
OSTEOPOROSIS

FTO polymorphisms are associated with elevated body mass
index and increased risk for obesity (78, 79). Based on the
candidate gene association study, FTO gene was found to
be associated with hip fracture susceptibility (57). Specifically,
researchers analyzed six single nucleotide polymorphisms
(rs1421085, rs1558902, rs1121980, rs17817449, rs9939609, and
rs9930506) of the FTO gene and found that female carriers
of rs1121980 AA genotype had significantly higher risk of hip
fracture with a hazard ratio of 2.06 (95% CI 1.17–3.62) than the
female carriers of the wild-type. It was reported that∼17% of the
variability in hip fracture risk was attributable to SNP rs1121980.
The FTO gene might be a new candidate for BMD variation
and osteoporosis in Chinese population, as a candidate genetic
marker for peak bone mass acquisition (56). In Zhang’s study, it
was demonstrated that osteoblast expression of FTOwas required
for normal bone formation and maintenance of bone mass in
mature mice. The results identified an epigenetic pathway in
which FTO normally functioned in bone to enhance the stability
of mRNA-encoding proteins that protected osteoblasts from
genotoxic damage (80). Utilizing the Mendelian randomization
analysis, it was founded that the FTO-BMI polymorphism
(rs9939609), as an instrument, was significantly associated with
total hip and femoral neck BMD but was not correlated with total
spine BMD (81). In aggregate, it was revealed that FTO SNPs
were not only associated with obesity and type 2 diabetes but also
with the BMD at the hip (57, 79).

Currently, based on genome-wide association study, plenty
of m6A-associated SNPs were identified as potential functional
variants for BMD (52). Mo et al. found that 138, 125, and
993 m6A-SNPs were associated with the BMD of femoral neck,
lumbar spine, and quantitative heel ultrasounds, respectively.
Among them, the association between two genes (MIR196A2
and ESPL1) and BMD of lumbar spine reached the genome-
wide significant level [rs11614913 (P = 8.92 × 10−10) and
rs1110720 (P = 2.05 × 10−10), respectively] (52). Furthermore,
expression quantitative trait locus analyses indicated that
47 of these BMD-associated m6A-SNPs were related with
expressions of the 46 corresponding local genes. Besides,
24 m6A-SNPs were founded to be significantly associated
with quantitative heel ultrasounds (P < 5.0 × 10−8) (52).
This study provided new clues for further understanding of
functional mechanism underlying the associations between SNPs
and osteoporosis.

M6A MODIFICATION IN THE
DIFFERENTIATION OF ADIPOCYTE AND
OSTEOBLAST

Obesity and osteoporosis are closely correlated genetically
(82–87). BMSCs is the same progenitor for adipocytes and
osteoblasts and osteoblasts can also differentiate into adipocytes
(87). Candidate genes, such as RANK (88), SP7 (89), and SOX6
(90), are all associated with obesity and osteoporosis. FTO
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affected not only obesity phenotypes, but also osteoporosis
phenotypes, like BMD (57). FTO-knockout mice showed a
significant reduction in adipose tissue and body lean mass (91),
and in turn, reduced lean mass is associated with weaken femur
bone strength (92). METTL3-mediated m6A RNA methylation
also participated in the delicate process between pBMSCs
adipogenesis differentiation and osteogenic differentiation
(53–55, 66). BMI might be the causative role in osteoporosis
the same as osteoarthritis on the effect of FTO variation (93).
Recently, using a Mendelian randomization approach, Kemp
et al. found that fat mass/BMI was strongly positively related
to increased bone mineral density of the limbs, pelvis, and
spine, but not the skull. In contrast, they reported that no
evidence showed BMD could causally affect BMI or measures
of adiposity (94). Taken together, m6A modification was closely
related to the differentiation of adipocyte and osteoblast,
which was important for the pathological development
of osteoporosis.

CONCLUDING REMARKS

Osteoporosis is a major public health concern with growing
prevalence. Studies have indicated the important role of m6A
modification in prevention, treatment and management of
osteoporosis; however, more endeavors are needed to further
understand the mechanism and clarify the relationship between
m6A modification and osteoporosis.
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Objectives: To investigate diet-exercise interactions related to bone markers in elite

endurance athletes after a 3.5-week ketogenic low-carbohydrate, high-fat (LCHF) diet

and subsequent restoration of carbohydrate (CHO) feeding.

Methods: World-class race walkers (25 male, 5 female) completed 3.5-weeks of

energy-matched (220 kJ·kg·d−1) high CHO (HCHO; 8.6 g·kg·d−1 CHO, 2.1 g·kg·d−1

protein, 1.2 g·kg·d−1 fat) or LCHF (0.5 g·kg·d−1 CHO, 2.1 g·kg·d−1 protein, 75–80%

of energy from fat) diet followed by acute CHO restoration. Serum markers of bone

breakdown (cross-linked C-terminal telopeptide of type I collagen, CTX), formation

(procollagen 1 N-terminal propeptide, P1NP) and metabolism (osteocalcin, OC) were

assessed at rest (fasting and 2 h post meal) and after exercise (0 and 3 h) at Baseline,

after the 3.5-week intervention (Adaptation) and after acute CHO feeding (Restoration).

Results: After Adaptation, LCHF increased fasting CTX concentrations above Baseline

(p = 0.007, Cohen’s d = 0.69), while P1NP (p < 0.001, d = 0.99) and OC (p < 0.001,

d = 1.39) levels decreased. Post-exercise, LCHF increased CTX concentrations above

Baseline (p = 0.001, d = 1.67) and above HCHO (p < 0.001, d = 0.62), while P1NP

(p < 0.001, d = 0.85) and OC concentrations decreased (p < 0.001, d = 0.99) during

exercise. Exercise-related area under curve (AUC) for CTX was increased by LCHF after

Adaptation (p = 0.001, d = 1.52), with decreases in P1NP (p < 0.001, d = 1.27)

and OC (p < 0.001, d = 2.0). CHO restoration recovered post-exercise CTX and CTX

exercise-related AUC, while concentrations and exercise-related AUC for P1NP and OC

remained suppressed for LCHF (p = 1.000 compared to Adaptation).

Conclusion: Markers of bone modeling/remodeling were impaired after short-term

LCHF diet, and only a marker of resorption recovered after acute CHO restoration.

Long-term studies of the effects of LCHF on bone health are warranted.

Keywords: ketogenic diet, bone health, exercise, nutrition, endurance athletes
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INTRODUCTION

Despite the generally positive effects of exercise in promoting
bone health, bone injuries represent a challenge to consistent
training and competition in high performance sport (1). This, in
part, is due to the interaction of dietary factors (e.g., low energy
availability, poor vitamin D status, inadequate calcium intake)
with unique features of the exercise program [e.g., minimal
or excessive bone loading associated with weight- and non-
weight-bearing sports, poor biomechanics (1, 2)]. Low energy
availability (a mismatch between energy intake and the energy
cost of exercise) occurs in both female and male athletes (2)
and impairs bone health via direct (uncoupled bone turnover
with increased resorption rates) and indirect (mediation by
reproductive and metabolic hormones) mechanisms (1). In
addition, carbohydrate (CHO) availability may also play a role
in bone health. Indeed, results from several studies show that
commencing endurance exercise with low compared to normal
or high glycogen availability stimulates the release of the cytokine
interleukin-6 (IL-6) from the exercisingmuscles (3, 4). Among its
range of effects, IL-6 has been hypothesized to lead to enhanced
activity of the receptor activator of the nuclear factor K B-ligand,
which controls bone turnover by increasing osteoclastic activity
(thereby increasing bone breakdown) (5). In support of this
contention, bone resorption is acutely increased when CHO is
restricted before (6), during (7), and after (8) prolonged (1–2 h)
endurance (running) exercise, and may be linked to concomitant
increases in IL-6 concentrations (7). However, a recent study
has reported that acute reductions in CHO availability around
exercise mediated an increase in markers of bone resorption that
are independent of energy availability and circulating IL-6 (9).
Apparent effects on other markers of bone metabolism, such as
osteocalcin (OC) and the bone formation marker procollagen 1
N-terminal propeptide (P1NP) in these models have been small
(6–9), although a 24 h fast has been reported to reduce blood OC
concentrations in lightweight rowers (10).

Whether these changes in markers of bone metabolism persist
(or are amplified) after chronic exposure to low CHO availability
around exercise remains unknown, but is of relevance in view
of the promotion of a ketogenic low CHO-high fat (LCHF) diet
to athletes and its putative benefits for endurance performance
(11). To date, no studies have examined the effects of longer-
term restriction of CHO at rest or in relation to exercise, although
in animal models and children with intractable epilepsy, chronic
adaptation to a ketogenic LCHF diet is associated with poor bone
health (12–16). In view of our recent observations of increased
post-exercise IL-6 concentrations in elite race walkers following
a 3.5-week adaptation to a LCHF diet (17), we investigated
the interaction of this diet and strenuous exercise on markers
of bone modeling/remodeling as secondary outcomes of our
larger study.

METHODS

Participants
Thirty world-class athletes (25 male, 5 female race walkers; ages
27.7 ± 3.4 yr, BMI 20.6 ± 1.7 kg/m2) were recruited over

three separate training camps during preparation for the 2016
Summer Olympic Games and the 2017 World Championships,
and provided written informed consent in accordance with
the Human Ethics Committee of the Australian Institute of
Sport (ethics approval no. 20150802 and 20161201). Six male
participants undertook two camps, however two of these data
sets were incomplete due to insufficient tissue samples, resulting
in 4 participants who had completed two camps being included
in the final analysis. In addition, two additional (male) data sets
were excluded from the final analysis due to their inability to
complete one of the experimental trials due to injury (unrelated
to bone). Therefore, our final data set provided a total of 32
trials (n = 28 participants, 23 males, 5 females) with data for
pre- (Baseline) and post-treatment (Adaptation), of which 18
trials (13 males, 5 females) also contributed to data from acute
restoration to a HCHO diet (Restoration). Participants and elite
coaches contributed to the concept and implementation of the
research camps, helping to prioritize the themes of interest
and contributing to the design of the training program and
test protocols.

Study Overview
Participants completed a 3.5-week block of intensified training
and laboratory and field testing, supported by either a high-
CHO (HCHO) or an isoenergetic LCHF diet (Figure 1, Table 1),
consumed under strict dietary control (18). Upon completion
of the 3.5-week dietary intervention, a subset of participants
(n = 18) completed a further testing block under conditions
of acute high CHO availability. Markers of bone metabolism
were measured after an overnight fast, in response to an energy-
matchedmeal of nutrient compositionmatching the intervention
diet, and in response to a bout of strenuous exercise (19), at
Baseline, Adaptation, and Restoration (Figure 1).

Dietary Control
Details of dietary control are described briefly here; more details
are described in prior work (18). Participants were allocated
into HCHO and LCHF groups based on preference. Both diets
were isocaloric (Table 1), however dietary CHO and fat intakes
differed between groups during intervention. Study diets were
designed and individualized for each athlete by trained members
of the research team including registered sports dietitians, a
professional chef, and exercise physiologists. All meals were
weighed (food scales accurate to 2 g) and provided for athletes
at set meal times. In addition, a collection of snacks per
individual meal plans were provided to the athletes each day. Any
unconsumed items or changes made tomenu plans were weighed
and recorded for final analysis of dietary intakes. Compliance
to the meal plans was assessed daily. Meal plans were designed
and final dietary analysis of actual intakes was conducted using
FoodWorks 8 Professional Program (Xyris Software Australia Pty
Ltd, Australia). Further analysis of intakes was completed using
Microsoft Excel.

Experimental Design
Testing at Baseline, Adaptation, and Restoration involved a
hybrid laboratory/field test of 25 km (males) or 19 km (females)
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FIGURE 1 | Study flowchart and overview. Thirty-two data sets were gathered from 30 participants who participated in one or more training camps. After Baseline

testing on a carbohydrate-rich (HCHO) diet, they elected to follow a 3.5-week energy-matched dietary intervention of either HCHO or ketogenic low

carbohydrate-high fat (LCHF) principles. After Adaptation, the participants underwent an acute period of Restoration of high carbohydrate availability. At Baseline and

at the end (Adaptation) of this intervention, as well as after acute carbohydrate reintroduction (Restoration) they undertook a test block including a 25 km (2 h) hybrid

laboratory/field race walking protocol at ∼75% VO2 max. Venous blood samples were collected after an overnight fast, 2 h after an energy-matched breakfast based

on their diet (immediately pre-exercise), immediately post exercise and after 3 h of passive recovery during which an intervention-matched recovery shake was

consumed at 30min. Blood samples were analyzed for serum concentrations of C-terminal telopeptide of type I collagen (CTX), procollagen 1 N-terminal propeptide

(P1NP), and osteocalcin (OC).
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TABLE 1 | Dietary intakes in the HCHO and LCHF groups.

Intervention Restoration

HCHO (n = 14) LCHF (n = 18) HCHO (n = 8) LCHF (n = 10)

Energy (kJ· d−1) 14,518 ± 2,142 15,138 ± 2,104 13,705 ± 1,948 15,706 ± 1,774

Energy (kJ· kg· d−1) 229 ± 13 227 ± 23 219 ± 16 239 ± 27

Protein (g· d−1) 133 ± 22 143 ± 19 132 ± 24 151 ± 18

Protein (g· kg· d−1) 2.1 ± 0.2 2.1 ± 0.2 2.1 ± 0.2 2.3 ± 0.2

Fat (g· d−1) 74 ± 14 318 ± 45*** 77 ± 14 95 ± 12**$$$

Fat (g· kg· d−1) 1.2 ± 0.1 4.8 ± 0.5*** 1.2 ± 0.1 1.4 ± 0.2**$$$

CHO (g· d−1) 549 ± 75 35 ± 5*** 492 ± 60$ 552 ± 62$$$

CHO (g· kg· d−1) 8.7 ± 0.4 0.5 ± 0.1*** 7.9 ± 0.6$$ 8.4 ± 1.0$$$

HCHO, high carbohydrate diet; LCHF, low carbohydrate high fat diet; CHO, carbohydrate.

**p < 0.01, ***p < 0.001 significant difference between diets.
$p < 0.05, $$p < 0.01, $$$p < 0.001 significantly different compared to Intervention.

at around 50 km race pace (75% of maximal oxygen uptake [VO2

max]) (Figure 1). Upon entering the laboratory in an overnight
fasted and rested state between 0600 and 0800 in the morning
(times were kept consistent within-participant), a cannula was
inserted into an antecubital vein for collection of blood samples
at rest (Fasting), immediately before exercise (2 h post-meal),
immediately after exercise (Post-ex) and 3 h post-exercise (3 h
post-ex). Blood was analyzed for concentrations of cross-linked
C-terminal telopeptide of type I collagen (CTX), P1NP and
total OC to determine the effects of dietary interventions and
exercise on bone metabolism. The cannulas were flushed with
3ml of saline every 30min throughout the trials. A standardized
breakfast (2 g·kg−1 CHO for both groups during Baseline
and Restoration, or an isocaloric low CHO option for LCHF
during Adaptation) was consumed 30min after the first blood
sample, after which the participants rested for 120min before
beginning the session. During the Baseline and Restoration
exercise test, both groups ingested glucose (60 g·h−1) throughout
the test, while during Adaptation, isocaloric high fat snacks
were provided for the LCHF group. Upon completion of the
exercise test, the participants rested in the laboratory for a further
3 h, and received a standardized recovery shake (1.5 g·kg−1

CHO for both groups during Baseline and Restoration, or an
isocaloric low CHO option for LCHF during Adaptation; both
shakes included 0.3 g·kg−1 protein) at 30min post-exercise to
improve satiety.

Analysis of Serum Bone
Modeling/Remodeling Biomarkers
Blood samples were collected into a 3.5mL EDTA BD Vacutainer
Plus SST II tube, and allowed to clot by standing at room
temperature for 2 h before centrifuging at 1,000G for 10min
for subsequent analysis of serum markers of bone resorption
(CTX), bone formation (P1NP) and overall bone metabolism
(OC). Analysis was undertaken by chemiluminescence on IDS-
iSYS (Immunodiagnostic Systems Limited; Boldon, Tyne and
Wear, UK). Inter-assay coefficient of variation as reported by
the manufacturer was 6.2, 4.6, and 6.1%, respectively. CVs
were determined as follows: OC: 6 serum controls were run,
using 3 reagents lots, in duplicate twice per day for 20 days,

on 2 analyzers; P1NP: 3 serum controls were run, using 3
reagent lots, in quadruplicates once per day for 20 days, on
2 analyzers; CTX: 5 serum controls were run, using 3 reagent
lots, in duplicate twice per day for 20 days, on 3 analyzers. In
addition to these tests, the laboratory ran quality control samples
throughout testing and the results were within the established
acceptable manufacturer ranges. The raw data for the analyses
of serum bone modeling/remodeling markers are provided in the
Supplementary Table to this publication.

Statistical Analyses
Statistical analyses were conducted using SPSS Statistics 22
software (INM, New York, USA) and R (R Core Team, 2018)
with a significance level set at p ≤ 0.05. Normality of data was
checked with a Shapiro-Wilk test and visual inspection of residual
plots. General Linear Mixed models were fitted using the R
package lme4 (20) and included random intercepts for Subjects
and Camps to account for baseline inter individual heterogeneity
and the partial cross-over design. Because the estimated Camp
effect variance was 0, this random intercept was subsequently
removed to resolve boundary issues in the Restricted Maximum
Likelihood estimation. P-values were obtained using Type II
Wald F tests with Kenward-Roger degrees of freedom. Initial
models included all possible interactions but non-significant
interaction terms were dropped for ease of interpretation. Fasting
values and exercise-related area under curve [AUC; Pre-exercise
to 3 h post-exercise (21)] for all markers were compared with
a two-way mixed analysis of variance (ANOVA), with post-
hoc tests of Student’s t-tests for independent samples (between-
groups) and for paired samples (within-groups); where normality
was violated, Wilcoxon’s test and Mann-Whitney U-test were
used. Where a data point was missing, AUC was not calculated;
this resulted in exclusion of 1 participant in the CTX AUC
calculations, and 2 participants from both P1NP and OC
calculations. Effect sizes were calculated based on the Classical
Cohen’s d while accounting for the study design by using the
square root of the sum of all the variance components (specified
random effects and residual error) in the denominator. Data are
presented as means (95% confidence intervals [CI]).
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RESULTS

Bone Modeling/Remodeling Biomarkers
During Fasting
Compared to Baseline, fasting concentrations of CTX were
increased after the LCHF diet (+22% [9, 35]: p= 0.008, d= 0.69),
with a decrease in P1NP (−14% [−19, −9]; p = 0.001, d = 0.99)
and OC (−25% [−35, −14]; p < 0.001, d = 1.39) levels
(Figure 2). In addition, the change in fasting P1NP (p < 0.001,
d = 1.64) and OC (p < 0.001, d = 1.78) after the 3.5-
week intervention was significantly different between the diets
(Figure 2).

Exercise Bone Markers
CTX decreased post-meal independent of dietary intervention
(Figures 3A, 4A, p < 0.001, d = 1.63). At Adaptation, post-
exercise CTX concentrations in LCHF increased above Baseline
(p = 0.001, d = 1.67) and HCHO (p < 0.001, d = 0.62)
(Figure 3A). LCHF decreased P1NP (Figure 3B, p < 0.001,
d = 0.85) and OC across exercise (Figure 3C, p < 0.001,
d = 0.99) compared to Baseline. At Restoration, post-exercise
CTX returned to Baseline levels for LCHF (Figure 4A, p > 0.05,
d = 0.20 compared to Baseline), while concentrations of P1NP
(Figure 4B, p < 0.001, d = 0.23) and OC (Figure 4C, p < 0.001,
d = 0.21) remained suppressed across exercise.

Bone Marker Exercise Area Under Curve
At Adaptation, LCHF exercise-related AUC for CTX was greater
[+81% (54, 109); p < 0.001, d = 1.52] than Baseline, and
higher than HCHO (p = 0.035, d = 0.81) (Figure 3D). Exercise-
related AUC for P1NP decreased at Adaptation for LCHF
[−19% (−25, −12); p = 0.003, d = 1.27] compared with
Baseline and was lower than HCHO (p = 0.009, d = 1.03)

FIGURE 2 | Percentage change in fasting serum C-terminal telopeptide of

type I collagen (CTX), procollagen 1 N-terminal propeptide (P1NP) and

osteocalcin (OC) for high carbohydrate (HCHO; solid bars) and low CHO high

fat (LCHF; striped bars) after the 3.5-week dietary intervention. Data are means

± standard deviations. ***p < 0.001 Significant between-group difference;
##p < 0.01; ###p < 0.001 Significant change from Baseline within-group.

(Figure 3E), with similar outcomes for OC [−29% (−35, −23);
p < 0.001, d = 2.0 and p < 0.001, d = 1.64, Figure 3F]. At
Restoration, LCHF experienced a return of exercise-related AUC
for CTX back to Baseline values [−43% (−21, 31); p = 0.003,
d = 1.08 compared to Adaptation and no difference compared
to HCHO; Figure 4D], meanwhile AUC for P1NP [+3% (−17,
48), p = 1.000 compared to Adaptation and p = 0.009, d = 1.50
compared to HCHO; Figure 4E], OC [−3% (−19, 14), p= 1.000
compared to Adaptation and p = 0.010, d = 1.47 compared to
HCHO; Figure 4F] remained suppressed.

DISCUSSION

Our data reveal novel and robust evidence of acute and likely
negative effects on the bone modeling/remodeling process in
elite athletes after a short-term ketogenic LCHF diet, including
increased marker of resorption (at rest and post-exercise) and
decreased formation (at rest and across exercise), with only
partial recovery of these effects following acute restoration of
CHO availability. Long-term effects of such alterations remain
unknown, but may be detrimental to bone mineral density
(BMD) and bone strength, with major consequences to health
and performance. While ketogenic diets are of interest to athletes
due to their ability to induce substantial shifts in substrate
metabolism, increasing the contribution of fat-based fuels during
exercise (11), we have previously reported the downside of a
concomitantly greater oxygen cost and reduced performance of
sustained high-intensity endurance exercise (19). The current
study identifies further complexity in the interaction between
the ketogenic diet and exercise with respect to markers of
bone modeling/remodeling, in which catabolic processes are
augmented and anabolic processes are reduced.

The LCHF diet is also popular within the general community
for its purported health benefits, including rapid weight loss
and improved glycemic control (22). However, data from
animal studies (12, 13) demonstrate that chronic LCHF diets
are associated with impaired bone growth, reduced bone
mineral content, compromised mechanical properties, and
slower fracture healing. Furthermore, increased bone loss has
been reported in children with intractable epilepsy placed on
a medically supervised LCHF diet for 6 months (14, 15). In
contrast, adults with type 2 diabetes mellitus who self-selected
to consume a LCHF diet for 2 years experienced no changes in
spinal BMD in comparison to a “usual care” group (22). One
explanation for these divergent outcomes involves interactions
of the LCHF diet with the level of habitual contractile activity.
Indeed in mice, a LCHF diet negated the positive benefits of
exercise on BMD in trabecular bone (16), while in children
with epilepsy, the rate of bone loss was greater in the more
active patients (14). Therefore, the hormonal response to exercise
undertaken with low CHO availability was of particular interest
in our study.

Previous studies involving acute strategies of low CHO
availability around exercise have identified effects on bone
resorption, as measured by increased blood CTX concentrations.
For example, males who undertook 60min of treadmill running
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FIGURE 3 | Time course of changes in bone marker concentrations across exercise (left panel) and exercise area under curve (right panel) for serum C-terminal

telopeptide of type I collagen (CTX) (A,D), procollagen 1 N-terminal propeptide (P1NP) (B,E), and osteocalcin (OC) (C,F) after the 3.5-week dietary intervention. Black

bars/symbols represent Baseline, gray bars/symbols represent Adaptation. Squares and circles represent high carbohydrate (HCHO) and low carbohydrate high fat

(LCHF), respectively. Gray bars represent a hybrid laboratory/field 19–25 km walk test at ∼75% VO2 max. Data are means ± standard deviations. ##p < 0.01;
###p < 0.001 denotes significant differences at time points or tests within diet groups. *p < 0.05; **p < 0.01; ***p < 0.001 denotes significant differences between

diet groups at a specific time point.

at 65% VO2 max following a CHO-rich breakfast (∼1 g·kg1)
showed small variations in CTX responses, but only around the
exercise period, while dietary effects on parathyroid hormone,

OC and P1NP were not detected (6). Meanwhile, a more
strenuous protocol (120min at 70% VO2 max) was associated
with an attenuation of acute (pre-exercise to 2 h post-exercise)
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FIGURE 4 | Time course of changes in bone marker concentrations across exercise (left panel) and exercise area under curve (right panel) for serum C-terminal

telopeptide of type I collagen (CTX) (A,D), procollagen 1 N-terminal propeptide (P1NP) (B,E), and osteocalcin (OC) (C,F) after acute reintroduction of carbohydrate

(right panel). Gray bars/symbols represent Adaptation, and white bars/symbols represent Restoration. Squares and circles represent high carbohydrate (HCHO) and

low carbohydrate high fat (LCHF), respectively. Gray bars represent a hybrid laboratory/field 19–25 km walk test at ∼75% VO2 max. Data are means ± standard

deviations. $$p < 0.01; $$$p > 0.001 denotes significant within-group difference compared to Restoration. *p < 0.05; **p < 0.01; ***p < 0.001 denotes significant

differences between diet groups at a specific time point.

concentrations of IL-6, CTX, and P1NP when CHO was
consumed (0.7 g·kg·h1) during exercise (7). However, OC was
unchanged by diet and no differences in markers of bone
metabolism were detected over the subsequent three days,

suggesting that these effects are transient and quickly reversed
(7). Short-term effects were also reported when 24 elite male
runners with energy-matched intake over an 8 d period were
divided into a group who consumed CHO before, during, and
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immediately after each of their 13 training sessions (additional
total CHO) while the others consumed an artificially sweetened
placebo (23). Here, CTX concentrations were suppressed at
80min of recovery following an interval training sessions in
the CHO group with no dietary effects on P1NP or OC;
furthermore, fasting concentrations of all markers were similar
at baseline and on the ninth morning (23). Finally, Hammond
and colleagues (9) investigated the independent effects of low
CHO availability and acute energy restriction during the recovery
from one session of high-intensity interval running and the
completion of a subsequent session (3.5 h into recovery). They
reported lower CTX concentrations in the high CHO (control)
diet compared with both of the other conditions across the
various acute responses to exercise-related feeding, while there
were no differences between the energy and CHO restricted trials.
Meanwhile, only energy restriction produced an increase in IL-
6 responses to exercise, and there were no differences in P1NP
concentrations between dietary treatments (9). Furthermore, 5
d of low vs. optimal energy availability, which also resulted in
a 2-fold difference in CHO availability, was shown to result in
a significant difference in the AUC of fasting CTX (+85 vs.
+15%, respectively) and P1NP (−60 vs. −25%, respectively)
(24). To date, the only study to report an effect of acute
manipulations of CHO around exercise on bone formation
markers was that of Townsend et al. (8), in which the immediate
consumption of a protein-CHO feeding after a run to exhaustion
at 75% VO2 max was associated with a suppression of the post-
exercise rise in CTX levels and a higher concentration of P1NP.
These authors concluded that immediate post-exercise meal
ingestion may benefit bone health compared to delayed feeding,
although the effects on CTX concentrations were reversed at
4 h post-exercise and a similar time course of P1NP changes
was not provided; therefore, it appears that the overall effect
on bone modeling/remodeling processes appears to follow meal
ingestion patterns.

The novelty of the current study was the interrogation of
the effects of prolonged adaptation to CHO restriction on bone
metabolism. Unlike the previous investigations, we identified
clear and consistent effects on bone metabolism at rest and in
response to exercise following 3.5-weeks of a ketogenic LCHF
diet (Figures 2–4), with increases in a marker of bone resorption
(CTX) and decreases in markers of bone formation (P1NP) and
metabolism (OC). Although some might argue that a complete
adaptation to a LCHF diet requires much longer than the 3.5-
week period utilized in the current study, it should be noted that
adaptations in substrate metabolism and exercise economy have
been reported across this (19, 25), and much shorter (26), time
periods. Nevertheless, the current study is reflective of a shorter-
term adaptation to a LCHF diet and our findings warrant further
investigation across longer time periods.

Acute restoration of high CHO availability was only partially
effective in reversing these outcomes. Here, marker of bone
resorption returned to baseline with high CHO pre-exercise meal
and CHO ingestion throughout exercise, while the other markers
of bone metabolism remained suppressed, indicating impaired
overall balance of bone metabolism. This supports the concept
proposed by Hammond et al. (9) that CTX is responsive to acute

intake of CHO, possibly mediated through enteric hormone
secretion. Meanwhile, differences in muscle glycogen content,
which are not addressed by studies of acute feedings, may have a
greater effect on OC and P1NP concentrations. Given the serious
nature of injury risks and long-term outcomes of poor bone
health in later life in endurance athletes, further consideration
of the potential effects of the LCHF diet in exacerbating existing
risk factors for poor bone health is warranted. In particular, we
note that the impairment of bone metabolism around exercise
and recovery would involve a significant portion of the day in
athletes who undertakemultiple training sessions, as well as being
superimposed on the changes identified at rest.

The interaction of diet and exercise on bone metabolism is
complex and requires more sophisticated investigation including
replication of the current findings. Furthermore, evolving
knowledge of inter-organ crosstalk suggests that outcomes
of altered bone metabolism may be more far-reaching than
the fate of the structural integrity of bone. Indeed, we note
the recognition of muscle and bone as endocrine organs,
with evidence that IL-6 released from contracting muscle has
autocrine, paracrine and endocrine effects (27). This includes
a purported feed-forward loop in which contraction-induced
stimulation of osteocalcin in myofibers promotes the release of
IL-6 and enhances muscle adaptation to exercise (27). Results
of the current study challenge this synergistic relationship
between osteocalcin signaling and IL-6, and remind us of
the pleiotropic nature of the molecules stimulated by diet-
exercise interactions.

Limitations
The data analysis undertaken in this study was a secondary
outcome of our investigations of the ketogenic LCHF diet;
these were not specifically powered to optimally address the
potential effects on markers of bone modeling/remodeling.
However, the detection of changes in the IL-6 response to
prolonged exercise in our initial study (12) provided motivation
to examine possible downstream effects. Because an identical
protocol was undertaken in two separate studies of the LCHF
diet, we were able to pool data from these investigations to
double the sample size previously known to allow detection of
changes in metabolism and performance. Indeed, changes in
markers of bone metabolism in the response to the interaction
of exercise and the dietary treatments were clearly detected
with the pooled data, but were also identifiable in the case
of the smaller sample size of the carbohydrate restoration
arm of the current dataset. Therefore, we feel confident that
our data are robust and warrant further investigation of
this theme.

CONCLUSIONS

Despite recent interest in the potential benefits of LCHF diets on
endurance performance or metabolic adaptation, the long-term
health effects of this dietary intervention are largely unknown.
We are the first to show that a 3.5-week ketogenic LCHF diet
in elite endurance athletes has negative effects on the markers of
bone modeling/remodeling at rest and during a prolonged high
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intensity exercise session. We also show only partial recovery
of these adaptations with acute restoration of CHO availability.
Given the injury risks and long-term outcomes underpinned by
poor bone health in later life, in athletes as well as individuals who
undertake exercise for health benefits, additional investigations
of the ketogenic diet and its role in perturbing bone metabolism
are warranted.
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Long-term and high dose glucocorticoid treatment can cause decreased viability and

function of osteoblasts, which leads to osteoporosis and osteonecrosis. In this study,

we investigated the role and mechanism of action of HIF-1α in glucocorticoid-induced

osteogenic inhibition in MC3T3-E1 cells. Our results showed that HIF-1α protein

expression was reduced when MC3T3-E1 cells were exposed to dexamethasone (Dex)

at varying concentrations ranging from 10−9 to 10−6 M. PDK1 expression was also

decreased in MC3T3-E1 cells after dexamethasone treatment. MC3T3-E1 cells when

treated with the glucocorticoid receptor antagonist RU486 along with dexamethasone

showed enhanced HIF-1α expression. In addition, upregulated expression of HIF-1α

was capable of promoting the osteogenic ability of MC3T3-E1 cells and PDK1

expression. However, the HIF-1α antagonist 2-methoxyestradiol (2-ME) had a reverse

effect in MC3T3-E1 cells exposed to dexamethasone. Furthermore, the PDK1 antagonist

dichloroacetate could repress the osteogenic ability of MC3T3-E1 cells, although

HIF-1α was upregulated when transduced with adenovirus-HIF-1α construct. The

PDK1 agonist PS48 was able to promote the osteogenic ability of MC3T3-E1 cells

treated with dexamethasone. Importantly, the protein levels of p-AKT and p-mTOR

were increased in MC3T3-E1 cells treated with dexamethasone after PS48 treatment.

in vivo, the PDK1 agonist PS48 could maintain the bone mass of mice treated

with dexamethasone. This study provides a new understanding of the mechanism of

glucocorticoid-induced osteoporosis.

Keywords: glucocorticoid, HIF-1α, PDK1, osteoblast, osteoporosis

INTRODUCTION

Glucocorticoids (GCs), as immunosuppressive and anti-inflammatory drugs, are used extensively
to treat various disorders such as autoimmune and inflammatory diseases, among others (1,
2). Patients develop osteoporosis and osteonecrosis due to decreased viability and function of
osteoblasts caused by long-term and high dose glucocorticoid treatment (3–5). GCs impair the
survival and osteogenic ability of osteoblasts, which is believed to be the main physiopathologic
mechanism of GC-induced bone loss (6). Recent studies have reported that apoptosis or autophagy
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of osteoblasts are involved in GC-induced osteogenic inhibition
in bone cells (3, 7). Glucocorticoids destroy the bone and bone
structure by controlling the differentiation of bone marrow-
derived stem cells (BMSCs) which differentiate into adipocyte
lineage but not osteoblast lineage in bonemicroenvironments (8).
However, the mechanisms of glucocorticoid-induced osteogenic
inhibition in osteoblasts remain unknown.

Hypoxia inducible factor-1α (HIF-1α) is highly expressed
in hypoxic cells (9, 10). Recent studies have demonstrated
that HIF-1α also plays an important role in cell survival in a
normoxic environment (11–13). HIF-1α regulates target gene
expression to control cell metabolism (14). The bone marrow
microenvironment, which affects bone cells including osteoblasts
and osteoclasts, and immune cells, is considerably hypoxic
by nature (15). Mice with osteoblast-specific deletion of von
Hippel-Lindau (VHL) and osteoblast-specific overexpression of
HIF-1α show increased bone volume and osteoblast numbers
(15, 16). HIF-1α is a transcription factor which regulates
the levels of VEGF, resulting in high trabecular bone mass
and increased bone vascular density (17–19). HIF-1α has
also been reported to regulate PDK1 expression, but not
VEGF, resulting in increased bone mass (15). Glucocorticoids
suppressed the expression of HIF-1α and VEGF in osteoblasts
and osteocytes of mice (20). However, the role of HIF-1α in
glucocorticoid-induced osteogenic inhibition of osteoblasts is
still unclear.

Pyruvate dehydrogenase kinase (PDK1) suppresses
mitochondrial function through antagonizing the function
of pyruvate dehydrogenase (PDH), a rate-limiting enzyme
involved in the conversion of pyruvate to acetyl-coenzyme A,
and entry into the tricarboxylic acid cycle (21). Moreover, PDK1
promotes cell proliferation via activating the AKT pathway
(22, 23). Nevertheless, whether PDK1 inhibits osteoblast-
induced osteoporosis by regulating glucocorticoid-induced
osteoblasts is unclear. In this study, we investigated the role
of HIF-1α and PDK1 in regulating glucocorticoid-induced
osteogenic inhibition of osteoblasts.

MATERIALS AND METHODS

Cell Culture and Treatments
The pre-osteoblast cell line MC3T3-E1 (subclone 4) was
purchased from ATCC (USA) and cultured in α-MEM
(#SH30265; Hyclone, GE Healthcare Life Sciences, Pittsburgh,
PA, USA) containing 10% fetal bovine serum (FBS, #10099;
Gibco, Thermo Fischer Scientific, Bartlesville, OK, USA) in 6 cm
plates and incubated at 37◦C with 5% CO2/95% air. Osteogenic
differentiation was induced as described in a previous study (24).
MC3T3-E1 cells were cultured in an osteogenic differentiation
medium containing 4mM glycerophosphate (#G9891; Sigma-
Aldrich, St. Louis, MO, USA) and 25µg/mL ascorbic acid
(#A4403; Sigma-Aldrich) until 70% confluency. Dexamethasone
(#D4902; Sigma-Aldrich, final concentration of ethanol, 0.01%,
vol/vol) at different concentrations was then added to the
osteogenic differentiation medium for 14 days. The culture
medium was replaced every two days. MC3T3-E1 cells were
cultured in a culture medium containing 10−7 Mdexamethasone

supplemented with or without RU486 (10−5 M), 2-ME (20µM),
DCA (10mM), and PS48 (5 µM).

Animals and Grouping
Fifteen male C57BL/6J mice (8 weeks of age, Shanghai SLAC
Laboratory Animal Co., Ltd., Shanghai, China) were randomly
assigned into three groups (n = 5 per group): control group
(injected with empty adenoviral vector and intraperitoneal
injection of normal saline), dexamethasone group (injected
with empty adenoviral vector and intraperitoneal injection
of dexamethasone), and dexamethasone + Ad-PDK1 group
(intraperitoneal injection of dexamethasone and bone marrow
injection of adenovirus carrying a promoter to overexpress
PDK1). Dexamethasone (10 mg/kg bodyweight) was injected
intraperitoneally for 21 days, as described in a previous study
(25). All mice were euthanized. Bilateral femurs of mice were
obtained for subsequent experiments. Male mice were used in
vivo study in order to rule out the effects of estrogen. All animal
care procedures were in accordance with the guidelines of the
Ethics Committee of Xinhua Hospital Affiliated to Shanghai
Jiao Tong University School of Medicine and were approved by
this committee.

Adenoviral Transduction
In vitro, MC3T3-E1 cells were cultured in six-well plates, and
adenoviral solution (carrying empty vector or a promoter to
overexpress HIF-1α or PDK1) was added into the growth
medium. After 48 h, the medium containing adenovirus was
removed and osteogenic differentiation medium was added.
The target gene and protein expression were confirmed
by qRT-PCR and western blotting, respectively. Adenoviral
vectors were purchased from Hanbio Biotechnology Co., Ltd.
(Shanghai, China).

In vivo, adenoviral particles carrying empty vector or a
promoter to overexpress PDK1 were injected into the bone
marrow cavity of bilateral femurs, at a dose of 20 µL virus
solution (5 × 108 pfu)/limb using a 25 µL microsyringe
(Hamilton, 1702RN, Reno, NV, USA) every 2 weeks, as described
in a previous study (26).

ALP and Alizarin Red Staining Assay
MC3T3-E1 cells were washed with PBS thrice and fixed with
4% paraformaldehyde for 20min after induction of osteogenic
differentiation. ALP staining was performed for 30min using the
BCIP/NBT reagent kit (Leagene Biotechnology, Beijing, China).
Alizarin red staining was performed using the Alizarin working
solution (Cyagen Biosciences, Shanghai, China) for 5min
according to the manufacturer’s instructions. After washing three
times with PBS, the stained MEC3T3-E1 cells in each well were
photographed. Each staining experiment was performed at least
three times, separately.

Western Blotting
Total protein was isolated from MC3T3-E1 cells using RIPA
(Radio-Immunoprecipitation Assay, Beyotime, Shanghai,
China) lysis buffer containing 1% PMSF (Phenylmethylsulfonyl
fluoride, Beyotime, Shanghai, China). Protein samples were
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separated by SDS-PAGE and transferred onto polyvinylidene
difluoride (PVDF) membranes. PVDF membranes containing
proteins were blocked with 5% non-fat milk for 1 h and then
incubated with specific primary antibodies overnight at 4◦C.
Primary antibodies included HIF-1α (1:1,000, Proteintech,
USA), PDK1 (1:1,000, Proteintech, USA), Runx2 (1:1,000,
Abcam, UK), OCN (1:1,000, Abcam, UK), ALP (1:1,000,
Cell Signaling Technology, USA), total-Akt (1:2,000, Cell
Signaling Technology, USA), phospho-Akt (1:1,000, Cell
Signaling Technology, USA), total-mTOR (1:2,000, Cell
Signaling Technology, USA), phospho-mTOR (1:1,000, Cell
Signaling Technology, USA) and GAPDH (1:1,000, Beyotime,
Shanghai, China). After washing three times with TBST for
5min, the PVDF membranes were incubated with horseradish
peroxidase-conjugated anti-rabbit secondary antibody for
1 h and target proteins were visualized using the Western
Chemiluminescent HRP Substrate Kit (Millipore, Billerica,
MA, USA).

Hematoxylin-Eosin and
Immunohistochemical Staining
The dissected femurs were fixed in 10% buffered formalin
for 3 days, and then decalcified in 10% EDTA (pH = 7.0)
at 4◦C for 21 days, embedded in paraffin and sectioned for
follow-up experiments. For hematoxylin-eosin staining, bone
sections were stained with hematoxylin for 5min and then
stained with eosin for 2min. For immunohistochemical staining,
bone sections were incubated with PDK1-specific primary rabbit
antibody (1:200 dilution) overnight at 4◦C. Isotype control was
incubated with rabbit IgG. A horseradish peroxidase-streptavidin
detection system (Dako, Glostrup, Sweden) was used to examine
the immunoreactivity.

Micro-Computed Tomography Scanning
and Quantitative Analysis
The femurs were fixed overnight in 70% ethanol and
scanned using Scanco µCT 40 scanner (Scanco Medical
AG, Zurich, Switzerland) at a resolution of 18µm.
Two/three dimensional images were obtained and analyzed
to evaluate bone mass, bone mineral density (BMD), bone
volume/total volume (BV/TV), trabecular thickness (Tb.
Th), trabecular number (Tb. N), trabecular separation
(Tb. Sp), Medullary area (Ma. Ar), Total area (Tt. Ar),
Cortical bone thickness (Ct. Th), and Cortical Area (Ct.
Ar) of the distal femur. We set the region of interest (ROI)
as trabecular bone of 2-mm length below the epiphyseal
growth plate.

Statistical Analysis
All data are presented as the mean ± SD of three independent
experiments and quantified relative to control experiments. The
differences between multiple groups were analyzed by ANOVA
and Tukey post hoc analysis. Differences were considered as
statistically significant when p value was < 0.05. ∗∗∗p < 0.001,
∗∗p < 0.01, ∗p < 0.05.

RESULTS

Downregulation of HIF-1α and PDK1 by
Dexamethasone
To investigate the expression of HIF-1α in glucocorticoid-
induced osteogenic inhibition, MC3T3-E1 cells were exposed
to dexamethasone at varying concentrations ranging from 10−9

to 10−6 M. The results of western blotting showed that the
protein expression of HIF-1α was decreased (Figure 1A). The
expression of osteogenic markers such as Runx2 and OCN were
also decreased and these results confirmed that dexamethasone
could repress the ability and function of osteoblasts. Recent
reports have shown that HIF-1α could regulate PDK1 to mediate
metabolic effects in different types of cells (15, 27). Therefore,
we examined PDK1 expression by western blotting. As shown
in Figure 1A, PDK1 expression was reduced in MC3T3-E1 cells
exposed to dexamethasone. Based on results from a previous
study (28) and our findings, we determined that 10−6 M of
dexamethasone was the most optimal concentration. Treatment
of MC3T3-E1 cells with 10−6 M dexamethasone for 7 days
induced remarkable osteogenic inhibition (Figure 1B).

To further confirm whether dexamethasone treatment
inhibits osteogenic ability of osteoblasts, MC3T3-E1 cells
treated with dexamethasone were exposed to the glucocorticoid
antagonist RU486 (10−5 M). As shown in Figure 1C, RU486
reversed the inhibitory effect of Dex to a similar level as observed
in the control cells. These results revealed that dexamethasone
inhibited osteogenic ability of osteoblasts through HIF-1α and
PDK1. However, whether HIF-1α regulates the osteogenic
inhibition induced by dexamethasone via PDK1 is still an
unanswered question.

Upregulation of HIF-1α Promotes
Osteogenic Function Through Facilitating
PDK1 Expression
To test whether overexpression of HIF-1α promotes
dexamethasone-induced osteogenic inhibition in MC3T3-
E1 cells, we overexpressed HIF-1α by transducing cells with
adenoviral plasmid containing HIF-1α construct. As shown in
Figure 2A, the results of ALP and Alizarin red staining showed
that overexpression of HIF-1α led to increased osteogenic
function in MC3T3-E1 cells. Western blotting results confirmed
the above findings. The expression of the osteogenic marker
Runx2 was increased. HIF-1α and PDK1 expression levels were
also increased in MC3T3-E1 cells (Figure 2B).

To further affirm the role of HIF-1α in MC3T3-E1
cells exposed to dexamethasone, HIF-1α antagonist 2-
methoxyestradiol (2-ME, 20µM) was added to medium
containing dexamethasone. The osteogenic inhibition induced
by dexamethasone was enhanced in dexamethasone + 2-ME
treated cells (Figure 2C). Inhibition of HIF-1α expression was
also accelerated in dexamethasone + 2-ME treated cells. In
addition, 2-ME enhanced the inhibition of PDK1 expression. 2-
ME treatment showed increased inhibition of osteogenic markers
Runx2 and OCN (Figure 2D). These results demonstrated that
HIF-1α regulated dexamethasone-induced osteogenic inhibition
via PDK1 expression.
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FIGURE 1 | Dexamethasone inhibited the osteogenic function of MC3T3-E1 cells via regulating HIF-1α expression. (A) The protein expression levels of HIF-1α, PDK1,

OCN, Runx2, and GAPDH were determined by western blotting in MC3T3-E1 cells treated with a varying concentration of dexamethasone for 14 days. (B) ALP and

Alizarin red staining were performed to detect the osteogenic function of MC3T3-E1 cells treated with vehicle and dexamethasone. (C) Western blotting was

performed to detect the protein expression levels of HIF-1α, PDK1, Runx2, and GAPDH in MC3T3-E1 cells treated with vehicle, dexamethasone, and dexamethasone

+ RU486, respectively. Differences were considered as statistically significant when p < 0.05. ***p < 0.001, **p < 0.01, *p < 0.05.

Repression of PDK1 Reverses the
Protective Effect of HIF-1α on
Glucocorticoid-Induced Osteogenic
Inhibition
To further confirm whether HIF-1α regulates glucocorticoid-
induced osteogenic inhibition via the PDK1 signaling pathway,

PDK1 antagonist dichloroacetate (DCA, 10mM) (29) was added
to the medium. As shown in Figure 3A, western blotting
showed that the expression levels of osteogenic markers such
as Runx2, OCN, and ALP were increased in adenovirus- HIF-
1α + dexamethasone group compared to adenovirus-NC +

dexamethasone group. However, there was decreased expression
of Runx2, OCN, and ALP in adenovirus + dexamethasone +
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FIGURE 2 | HIF-1α mediated dexamethasone-induced osteogenic inhibition of osteoblasts via regulating PDK1 expression. (A) Osteogenic ability was confirmed by

ALP and Alizarin red staining in MC3T3-E1 cells treated with Ad-NC, Ad- HIF-1α + dexamethasone, Ad-NC + dexamethasone and Ad-HIF-1α + dexamethasone,

respectively. Scale Bar = 20µm. (B) The protein expression levels of HIF-1α, PDK1, Runx2, and GAPDH were detected by western blotting in MC3T3-E1 cells treated

with Ad-NC, Ad-HIF-1α + dexamethasone, Ad-NC + dexamethasone and Ad-HIF-1α + dexamethasone, respectively. (C) Osteogenic ability was confirmed by ALP

staining in MC3T3-E1 cells treated with empty vector, dexamethasone, 2-ME and dexamethasone + 2-ME, respectively. Scale Bar = 20µm. (D) The protein

expression levels of HIF-1α, PDK1, Runx2, OCN, and GAPDH were detected by western blotting in MC3T3-E1 cells treated with empty vector, dexamethasone, 2-ME

and dexamethasone + 2-ME, respectively. Differences were considered as statistically significant when p < 0.05. ***p < 0.001, **p < 0.01, *p < 0.05.

DCA group compared to adenovirus-HIF-1α + dexamethasone
group. The results of ALP andAlizarin red staining demonstrated
that osteogenic ability of MC3T3-E1 cells was reduced in the
adenovirus- HIF-1α + dexamethasone + DCA group compared

to adenovirus-HIF-1α + dexamethasone group (Figure 3B).
These results suggested that HIF-1α promoted the osteogenic
ability of MC3T3-E1 cells treated with dexamethasone, by
regulating PDK1 expression.
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FIGURE 3 | Repression of PDK1 reversed the protective effect of Adenovirus-HIF-1α on glucocorticoid-induced osteogenic inhibition in MC3T3-E1 cells. (A) The

protein expression levels of osteogenic markers Runx2, OCN, ALP, and GAPDH were determined by western Blotting in MC3T3-E1 cells exposed to empty vector,

dexamethasone, dexamethasone + Ad-HIF-1α, and dexamethasone + Ad-HIF-1α+ DCA, respectively. (B) ALP and Alizarin red Staining were performed to

determine the osteogenic ability of MC3T3-E1 cells exposed to empty vector, dexamethasone, dexamethasone + Ad-HIF-1α, dexamethasone + Ad-HIF-1α+ DCA,

respectively. Scale Bar = 20µm. Differences were considered as statistically significant when p < 0.05. ***p < 0.001, **p < 0.01, *p < 0.05.

Upregulation of PDK1 Facilitated the
Osteogenic Ability of Osteoblasts After
Glucocorticoid Treatment via the
AKT/mTOR Pathway
To verify the role of PDK1 in osteoblasts, we treated MC3T3-
E1 cells with the PDK1 activator PS48 (5µM) (30). PS48

promoted the expression levels of PDK1 in addition to
osteogenic markers Runx2, OCN and ALP (Figure 4A).
ALP and Alizarin red staining suggested that the osteogenic
function of MC3T3-E1 cells treated with dexamethasone
was enhanced by PS48 (Figure 4B). These results indicated
that PDK1 was able to regulate glucocorticoid-induced
osteogenic inhibition.
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FIGURE 4 | Upregulation of PDK1 promoted the osteogenic ability of MC3T3-E1 cells. (A) Western blotting was performed to detect the protein expression levels of

PDK1 and osteogenic markers Runx2, OCN, ALP, PDK1, and GAPDH in MC3T3-E1 cells exposed to empty vector, dexamethasone, and dexamethasone + PS48,

respectively. (B) ALP and Alizarin red staining were performed to determine the osteogenic ability of MC3T3-E1 cells exposed to empty vector, dexamethasone, and

dexamethasone + PS48, respectively. Scale Bar = 20µm. Differences were considered as statistically significant when p < 0.05. ***p < 0.001, **p < 0.01, *p < 0.05.

Several studies have reported that PDK1 regulates cellular
metabolism by activating the AKT/mTOR pathway (30–32).
Adenoviral -PDK1 construct or adenoviral -NC construct
was transduced into MC3T3-E1 cells before exposure to
dexamethasone. As shown in Figures 5A,B, the mRNA and

protein expression of PDK1 was increased significantly in
MC3T3-E1 cells after transduction with the adenoviral-PDK1
construct. Upregulation of PDK1 enhanced the ratio of p-
AKT and p-mTOR in adenovirus-PDK1 + dexamethasone
group compared to adenovirus-NC + dexamethasone group
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FIGURE 5 | Upregulation of PDK1 by Adenovirus-PDK1 promoted the osteogenic ability of MC3T3-E1 cells by activating the AKT/mTOR pathway. (A) The expression

of Adenovirus-PDK1 was confirmed by qRT-PCR. (B) The effect of Adenovirus-PDK1 was confirmed by qRT-PCR. (C) Western blotting was performed to detect the

protein expression levels of p-AKT, total-AKT, p-mTOR, total-mTOR, and GAPDH in MC3T3-E1 cells exposed to empty vector, dexamethasone, and dexamethasone

+ Adenovirus-PDK1, respectively. (D) ALP and Alizarin red staining were performed to determine the osteogenic ability of MC3T3-E1 cells treated with empty vector,

dexamethasone, and dexamethasone + Adenovirus-PDK1, respectively. Scale Bar = 20µm. Differences were considered as statistically significant when p < 0.05.

***p < 0.001, **p < 0.01, *p < 0.05.

(Figure 5C). ALP and Alizarin red staining showed that

upregulation of PDK1 could enhance the osteogenic ability of

MC3T3-E1 cells (Figure 5D). These results revealed that PDK1

was able to regulate glucocorticoid-induced osteogenic inhibition

of osteoblasts.

Adenovirus-Mediated Delivery of PDK1
Increased the Bone Mass of Mice Treated
With Glucocorticoid
To confirm the protective effect of PDK1 in vivo, we evaluated
the effect of adenovirus-mediated delivery of PDK1 (Ad-PDK1)
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in a mouse model of glucocorticoid-induced osteoporosis.
When PDK1 was upregulated, the femur BMD and BV/TV
in glucocorticoid-treated mice were significantly increased, as
indicated by µCT analysis. However, there was no change in
Tb. N, Tb. Pf, Tb. Sp, and Tb. Th (Figure 6A). Interestingly,
marrow area (Ma. Ar) was increased after treatment with
Dex and was reduced after upregulation of PDK1. Dex
treatment reduced cortical bone thickness (Ct. Th), total area
(Tt. Ar), and cortical area (Ct. Ar), but upregulation of
PDK1 enhanced both these parameters. The femur trabecular
number was not altered while the thickness of cortical bone
was reduced. Hematoxylin-eosin staining of femur confirmed
the results of µCT analysis (Figure 6B). PDK1 expression as
determined by immunohistochemical staining was reduced in
the cortical bone but not in the trabecular bone after treatment
with dexamethasone (Figure 6C). Upregulation of PDK1 could
improve the thickness of the cortical bone. We speculated
that dexamethasone mainly affected the cortical bone. The
mechanism of this phenomenon needs to be further studied.

DISCUSSION

In this study, we found that decreased HIF-1α expression was
associated with dexamethasone-induced osteogenic suppression
of osteoblasts in MC3T3-E1 cells. Excessive and long-term
administration of glucocorticoids disturbed the osteogenic
function of bone cells (3, 6). It has been reported that HIF-
1α plays a positive role in the process of bone remodeling and
osteoblast function (33–35). A recent study has demonstrated
that HIF-1α was linked to glucocorticoid-induced osteoporosis
in mice (20). HIF-1α is highly expressed in osteoblasts and
osteocytes in a hypoxic environment and is involved in the
process of bone metabolism (16, 36). However, the mechanism
of HIF-1α in the regulation of glucocorticoid-induced osteogenic
differentiation has not been studied adequately. Here, our
results revealed for the first time that, the expression levels
of HIF-1α and PDK1 were suppressed by dexamethasone
treatment inMC3T3-E1 cells. Furthermore, HIF-1α regulated the
negative effects of glucocorticoid on osteogenic function via the
PDK1/AKT/mTOR signaling pathway.

MC3T3-E1 cells derived from C57/BL mouse calvaria are pre-
osteoblasts possessing the ability to differentiate into osteoblasts
and generate mineralized matrix in differentiation medium.
Dexamethasone, a synthetic glucocorticoid, is used widely in
clinical therapy, but excessive and long-term administration has
a deleterious effect on bone formation. Increased concentration
of dexamethasone (>10−8 M) significantly suppresses osteogenic
differentiation and mineralization ability in osteoblasts (28).
Inhibition of osteoblast proliferation and differentiation is
considered to be the main reason for glucocorticoid-induced
osteoporosis (4). However, the molecular mechanisms of
glucocorticoid-induced osteogenic inhibition of osteoblasts are
still unclear.

A previous study has demonstrated that HIF-1α regulated
bone formation via improving VEGF-A levels (33).
Glucocorticoids could suppress HIF-1α protein expression (20).

In this study, the expression of HIF-1α was decreased in MC3T3-
E1 cells treated with different concentrations of dexamethasone.
The administration of glucocorticoid receptor (GR) blocker
RU486 promoted osteogenic ability and decreased the expression
of HIF-1α in MC3T3-E1 cells after dexamethasone exposure.
These results demonstrated that glucocorticoid inhibited
osteogenic function via the glucocorticoid receptor (28, 37).
Upregulation of HIF-1α by transduction with adenoviral- HIF-1α
construct could inhibit the deleterious effects of dexamethasone
on osteogenic function inMC3T3-E1 cells, while downregulation
of HIF-1α by antagonist 2-ME enhanced the negative effects
of dexamethasone. Importantly, upregulation of HIF-1α could
improve the decreased expression of PDK1, while suppression
of HIF-1α accelerated decreased PDK1 expression. These results
reveal that HIF-1α might antagonize glucocorticoid-induced
osteogenic inhibition of osteoblasts via PDK1 signaling pathway.

To further confirm the mechanism by which PDK1
counteracts glucocorticoid-induced inhibition of osteogenesis,
MC3T3-E1 cells transduced with adenoviral-HIF-1α
construct were cultured in differentiation medium containing
dexamethasone and DCA. DCA could reverse the protective
effects of HIF-1α on glucocorticoid-induced osteogenic
inhibition of osteoblasts. Moreover, the PDK1 activator
PS48 was capable of repressing the deleterious effects of
glucocorticoid treatment. These results proved that HIF-
1α reduced glucocorticoid-induced osteogenic inhibition of
osteoblasts via the PDK1 signaling pathway (15).

To explore the specific molecular mechanisms by which
PDK1 reversed glucocorticoid-induced osteogenic inhibition, we
investigated the response of AKT/mTOR signaling pathway.
Recent studies have demonstrated that the AKT/mTOR signaling
pathway regulates various biological activities in osteoblasts (38,
39). Hypoxia was reported to induce osteogenic differentiation
via ILK, AKT, mTOR, and HIF-1α pathways (19). In addition,
PDK1 has been reported to regulate various cellular metabolic
processes via the AKT/mTOR signaling pathway (30, 40, 41).
Therefore, we presumed that PDK1 reversed the glucocorticoid-
induced osteogenic inhibition of osteoblasts via the AKT/mTOR
signaling pathway. In this study, PDK1 adenoviral construct
was transduced into MC3T3-E1 cells and the results showed
that upregulation of PDK1 promoted the osteogenic function
of osteoblasts. To further confirm the effect of PDK1 in
vivo, PDK1 adenovirus was injected into the bone marrow
cavity of femurs of mice. Overexpression of PDK1 reduced
the marrow area (Ma. Ar) and increased the cortical bone
thickness (Ct. Th), total area (Tt. Ar) and cortical area (CT.
Ar). Upregulation of PDK1 significantly promoted the bone
mass of mice treated with dexamethasone. The above results
revealed that HIF-1α/PDK1 axis reversed the glucocorticoid-
induced osteogenic inhibition of osteoblasts via activating the
AKT/mTOR signaling pathway.

Our study presents two questions. First, although it has
been reported that HIF-1α could mediate the osteogenic
ability of osteoblasts, and improve bone mass (33), the role
of VEGF-A in glucocorticoid-induced osteogenic inhibition
of osteoblasts has not been confirmed yet. Second, whether
PDK1 mediates glucocorticoid-induced osteogenic inhibition
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FIGURE 6 | Upregulation of PDK1 improved the bone mass of mice treated with dexamethasone. (A) Representative µCT images and quantification analysis of bone

parameters in femurs of control, dexamethasone and dexamethasone + Adenovirus-PDK1 mice. (B) Representative images of HE staining to examine the structure of

femurs. (C) Immunohistochemical staining for detecting the protein expression of PDK1 in femurs of mice. Isotype control showed that the binding of the primary

antibody was specific. Scale Bar = 5µm. BMD, Bone Mineral Density; BV/TV, bone volume over total volume; Tb. Th, trabecular thickness; Tb. N, trabecular number;

Tb. Sp, trabecular separation, Tt. Ar, Total area; Ma. Ar, Marrow area; Ct. Ar, Cortical area, Cortical bone thickness (Ct. Th) Differences were considered as statistically

significant when p < 0.05. ***p < 0.001, **p < 0.01, *p < 0.05.

of osteoblasts via regulating mitochondrial metabolism
remains to be studied. Future studies are required to resolve
these questions.

In conclusion, we demonstrated that HIF-1α antagonized
glucocorticoid-induced osteogenic suppression of osteoblasts
via the PDK1/AKT/mTOR signaling pathway. Our
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findings provide novel insights to further understand
the molecular mechanisms of glucocorticoid-induced
osteogenic inhibition of osteoblasts. Specific overexpression
of PDK1 could be an alternative method to alleviate
glucocorticoid-induced osteoporosis.
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Spinal cord injuries (SCIs) represent a variety of conditions related to the damage of

the spinal cord with consequent musculoskeletal repercussions. The bone and muscle

tissues share several catabolic pathways that lead to variable degrees of disability in

SCI patients. In this review article, we provide a comprehensive characterization of the

available treatment options targeting the skeleton and the bone in the setting of SCI.

Among the pharmacological intervention, bisphosphonates, anti-sclerostin monoclonal

antibodies, hydrogen sulfide, parathyroid hormone, and RANKL pathway inhibitors

represent valuable options for treating bone alterations. Loss phenomena at the level

of the muscle can be counteracted with testosterone, anabolic-androgenic steroids,

and selective androgen receptor modulators. Exercise and physical therapy are valuable

strategies to increase bone and muscle mass. Nutritional interventions could enhance

SCI treatment, particularly in the setting of synergistic and multidisciplinary interventions,

but there are no specific guidelines available to date. The development of multidisciplinary

recommendations is required for a proper clinical management of SCI patients.

Keywords: spinal cord injury, bone, muscle, bone loss, osteoporosis, sarcopenia, rehabilitation

INTRODUCTION

Spinal cord injuries (SCIs) encompass a spectrum of conditions associated with modifications in
the function of both central and peripheral nervous systems. Due to the crucial role of the spinal
cord in linking the brain with the body, these alterations may lead to dramatic consequences in
terms of motor, sensitive, and visceral controls (1).

A complex variety of biological pathways arising in both bone and muscle tissues plays a
clinically relevant role in SCIs. Hence, these patients experience important changes in the bones
(e.g., osteoporosis) that cause a significantly increased risk of fractures, even after minor traumas
(e.g., transferring or sitting) (2, 3). These clinical conditions lead to further immobilization of the
patient, increased spasticity, pressure ulcers, and in general worsened disability (3). Bone tissue
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loss after SCIs starts rapidly and grows in the first 2 years
after the injury (4). In chronic SCIs, the skeleton of the
lower third of the femur and upper third of the tibia may be
subjected to 70% of decreased mineral density (5, 6). Muscle
modifications further increase the patients’ fragility because
they lead to immobilization, increased fracture risk, pressure
sores, thrombosis, overpressure, chronic pain, and psychosocial
issues (7). The loss of mass in the muscles below the SCI is
remarkable, reaching up to 40% in the first 2 years after the
injury (8). Regrettably, despite muscle atrophy is macroscopically
more evident than osteoporosis, this phenomenon is often
underestimated (7).

In this scenario, understanding the biological interplay of the
bone andmuscle tissues is crucial for proper clinical management
of SCIs. Here, we sought to provide a comprehensive portrait of
the potentials and limitations of the various treatment options
available (or proposed) to date for both osteoporosis and muscle
atrophy occurring after SCIs.

PHARMACOLOGICAL APPROACHES TO
BONE ALTERATIONS

The use of single, combination, or sequential therapy protocols
in the management of bone alterations in SCI is a matter
of controversy. After the achievement of clinical benefits,
the discontinuation of osteoanabolic treatments could result
in a rapid loss of the newly gained bone (9–12). For
this reason, clinicians are recommended to promptly start
other anti-resorptive therapies after osteoanabolic interventions
discontinuation. At present, there are no widely adopted
guidelines about the most reliable pharmacological strategy.

Bisphosphonates
Bisphosphonates are the most used class of drugs in the
prevention and treatment of osteoporosis (13). Several
studies have assessed the efficacy of these anti-resorptive
drugs in acute and chronic SCIs. A meta-analysis provided
circumstantial evidence to suggest that the early administration
of bisphosphonates can reduce SCI-related osteoporosis (13).
It should be taken into account, however, that this hypothesis
is biased by the small sample size of the few clinical trials
available to date (14). Moreover, despite many groups showed
that bisphosphonates may be particularly effective at the hip
level, only a few information is currently available on their role
at the distal third of the femur and/or at the proximal third
of the tibia. A recent, non-randomized study on the yearly
administration of zoledronic acid failed to show an improvement
in the bone mass density (BMD) at this level, being associated,
on the contrary, with a reduction in bone mass (15). Therefore,
several doubts exist about the efficacy and the safety profile of
bisphosphonates in patients with SCI. Due to these issues, at the
present time, prophylaxis of osteoporosis with bisphosphonates
in SCI remains an interesting area of research but it is not yet
ready for prime time (16). On the other hand, alendronate
showed significant results in maintaining or even increase BMD
after previous osteoanabolic interventions (9, 10, 17). These

observations suggest that a sequential therapy scheme with
alendronate after teriparatide treatment is likely to prevent bone
loss, increase bone mass, and preserve bone strength at the spine
and hip in SCI patients.

Anti-sclerostin Antibodies
Murine SCI models showed that anti-sclerostin antibodies could
preserve the osteocyte morphology and structure, blocking
the skeletal deterioration after either motor-incomplete (18)
or motor-complete SCI (15). A recent study assessed the
efficacy of these antibodies in reversing the bone loss in a
rodent model after motor-complete SCI (19). Animals treated
with 25 mg/kg/week for 8 weeks (starting at 12 weeks after
SCI) showed a significant increase in BMD, structure, and
mechanical strength. Anti-sclerostin antibodies acted in the case
group through osteoclastogenesis inhibition and concomitant
osteoblastogenesis stimulation. Untreated SCI mice showed a
significant reduction in BMD and the deterioration of bone
structure at the distal femoral metaphysis. These data suggest that
sclerostin antagonism might be a viable therapeutic option not
only to prevent bone loss after acute SCI but also in the chronic
setting (19).

Hydrogen Sulfide
Hydrogen sulfide (H2S) is a colorless and poisonous gas acting
as a gas transmitter to regulate different signaling pathways (20).
It has been recently hypothesized that abnormal H2S metabolism
could be linked to defects in bone homeostasis (21). Treatment
with an H2S donor (GYY4137) increase bone formation,
preventing the loss of trabecular bone in case of estrogen
deficiency (21). Whether H2S might have anti-osteoporosis
effectiveness in motor-complete SCI models has recently been
investigated (22). Rats were treated with an intraperitoneal
injection of 0.1 ml/kg/day of 0.28 mol/l NaHS (a donor of H2S)
for 2 weeks. They showed an increase of femoral and tibial BMD,
bone volume fraction (bone volume/total, BV/TV), trabecular
thickness and number, and a concomitant reduction of trabecular
separation in proximal tibiae. Furthermore, rats treated with
NaHS showed an increased mineral apposition rate (MAR), bone
formation rate (BFR), and osteoblast proliferation (22). Given
that an increased ROS production is one of the mainmechanisms
related to bone and muscle modifications after SCI, all these
results suggest a potential role of H2S treatment in SCI-related
bone loss.

Parathyroid Hormone
Parathyroid hormone (PTH) is a well-known player in calcium
metabolism. The subcutaneous intermittent administration of
PTHhas been used for two decades as a valid anabolic therapeutic
agent for osteoporosis treatment (23, 24). A recent study
investigated whether PTH administrationmight reduce bone loss
in SCI female mice (25). PTH (80 mg/kg) or vehicle was injected
subcutaneously daily for 35 days. Isolated tibias and femurs were
assessed through microcomputed tomography scanning (micro-
CT), histology, and serum bone turnover markers. SCI-vehicle
animals reported a 49% reduction in fractional trabecular bone
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volume and 18% in trabecular thickness compared to sham-
vehicle controls. Moreover, the authors found 15% lower femoral
cortical thickness and 16% higher cortical porosity in SCI-vehicle
animals compared to sham ones. PTH treatment restored 78%
of bone volume in SCI animals. In addition, histomorphometry
showed a marked decline in osteoblast and osteoclast number
and a 35% reduction in bone formation rate. On the other hand,
in SCI-PTH animals the number of osteoblasts and osteoclasts
was preserved, and the bone formation rate was enhanced.
These results suggest a potential therapeutic role of subcutaneous
intermittent PTH treatment in acute SCI patients, however to
date, data in humans are lacking. Recently, abaloparatide, a
parathyroid hormone-related protein (PTHrP), was approved by
Food and Drug Administration (FDA) for the treatment of severe
post-menopausal osteoporosis (26). A recent study performed by
Sahbani et al. compared abaloparatide to teriparatide on bone
structure, turnover, and levels of RANKL and OPG on wild-type
female mice (27). The authors showed that 20–80 µg/kg/day of
abaloparatide for 30 days resulted in a significant increase (13%)
in trabecular bone thickness and lowered the RANKL/OPG ratio.
In light of these results, abaloparatide could be a promising
therapeutic agent to counter osteoporosis, and future studies
could investigate its efficacy also in SCI patients.

Denosumab
The receptor activator of nuclear factor-kB ligand
(RANKL)/osteoprotegerin (OPG) system is one of the main
regulators of bone remodeling (28). Denosumab, a RANKL
pathway inhibitor monoclonal antibody, has been widely used
in the treatment of osteoporosis (29–33). Increased osteoblast
expression of RANKL has been previously observed in unloading
conditions, such as SCI, resulting in an increased RANKL/OPG
ratio (34–38). These observations have suggested a potential
therapeutic role of denosumab in SCI-induced bone loss.
Only one work investigated the effects of denosumab on acute
SCI in humans, with promising results (33). Compared to
RANKLS-positive patients with detectable RANKL, those with
undetectable RANKL levels showed better responses both in
terms of femoral BMD increase and bone reabsorption markers
decrease. Therefore, denosumab has been regarded as a drug
potentially able to prevent SCI-related bone loss (38).

PHARMACOLOGICAL APPROACHES TO
MUSCLE ALTERATIONS

To date, there is no robust evidence about local pharmacological
agents that can be used to counteract the muscle loss after SCI.
Most data currently available are derived from studies on healthy
subjects or patients with chronic conditions of which some (e.g.,
cachexia and wasting) share some pathophysiological pathways
with SCI. In this setting, androgens have been extensively
studied, either in animal models and in humans. Particularly,
testosterone and anabolic-androgenic steroids (AAS) such
as nandrolone, as well as the selective androgen receptor
modulators (SARMs), have been proposed as pharmacological
strategies to hinder the loss phenomena at the musculoskeletal

level in different chronic illnesses, such as immunodeficiency,
long term glucocorticoid treatment, and aging (39, 40). Data
about safety and efficacy on the lean mass increase are available
in healthy subjects, aged women, and men and in cancer-
related cachexia (40–42). The main factor supporting the use
of SARMs instead of testosterone is the tissue selectivity and
good tolerability with negligible adverse events. The evidence
emerging from cancer cachexia patients suggests a theoretical
use of SARMs also in SCI-induced atrophy. The observation
that a substantial proportion of male and female individuals
experience hypogonadism after acute or chronic SCI represents
the rationale of using testosterone and AAS in these patients
(43, 44). Several studies have shown a significant effect of
testosterone and nandrolone against muscle atrophy in rodents
(45, 46). These results have been partially replicated in a small
trial on SCI patients, in which the Authors showed that the
correction of hypogonadism by 12 months of testosterone
therapy can increase lean tissue mass for the whole body,
leg, and arm (47). A recent randomized clinical trial showed
that the combination of electrical stimulation exercise training
and testosterone replacement therapy can increase muscle mass
in the lower extremities of SCI patients (48). This effect
was not present in patients only treated with testosterone
without exercise.

EXERCISE AND PHYSICAL THERAPY

Exercise is the first treatment to increase muscle mass and there
is growing evidence that the basic mechanisms that regulate
muscle hypertrophy can be used to counteract disuse atrophy
(40). The mechanisms by which physical exercise induce muscle
hypertrophy have not been completely elucidated. The IGF-
1/PIP3K/Akt pathway, even if it is considered a key mediator
of normal muscle development, is not able to explain alone
the exercise-induced muscle hypertrophy (49). On the other
hand, mTORC1 appears to be crucial in load-induced muscle
growth (50), as phospholipase D and phosphatidic acid that
active mTORC1 (51). In a rodent model, exercise can protect
the skeletal muscle against oxidative stress and proteolysis (52).
Eccentric contractions can increase phosphatidic acid levels and
inducemuscle growth onmice, confirming the importance of this
mechanism (53).

Physical Exercise and Treadmill
A recent study performed on 42 male Wistar rats showed that
stretching is helpful for the correction of contractures after
SCI (54). In addition, the Authors observed that heat is more
beneficial than cold to increase the effectiveness of stretching
in terms of restoring range of motion and decreasing muscle
contractures. Lately, it has been demonstrated that 9-week
treadmill training in mice affected by incomplete SCI is effective
in preventing atrophy of fast-twitch muscles, with limited effects
on slow-twitch muscles and muscle fiber type composition
of medial gastrocnemius, soleus, and tibialis anterior (55). In
healthy humans, several studies have shown that eccentric
training (i.e., motion of a muscle while it is lengthening under
load) can increase muscle mass and muscle strength more than
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concentric exercise [i.e., shortening of a muscle while it is
contracting; (56)]. Exercise can also reduce the expression and
production of myostatin (57–59).

Functional Electrical Stimulation
Rowing Exercise
In the early 1990s, functional electrical stimulation (FES)
rowing exercise has been developed as an aerobic training
program for SCI patients (60, 61). This approach consists
of coordinated voluntary upper body exercise combined with
electrical stimulation of the leg large muscle groups to produce a
near-full-body exercise. Recently Lambach et al. (62) performed
a study on four adults with recent (<2 years) traumatic, motor
complete SCI, undergoing a 90-session FES rowing exercise
program, and attending 30-min FES training sessions for 3
times/week. They showed that trabecular BMD in the femur
and tibia decreased for all participants after 30 sessions, with
a rate of loss slowed or reversed between the 30th and 60th
sessions, with the little-to-no bone loss for most participants
during the period intercurrent from 60th and 90th sessions.
However, further studies with larger cohorts of participants are
needed to confirm the observation of FES rowing exercise in
SCI individuals.

Whole-Body Vibration
In the recent past, whole-body vibration (WBV) effects on bone

architecture after SCI have been investigated with inconsistent
results. In 2016, Dudley-Javoroski et al. showed that 12 months
of vibration training did not preserve BMD or trabecular

architecture in subjects affected by chronic SCI, showing bone
tissue insensitivity to mechanical loading interventions (63).
These results are not in line with the previous studies performed

on rats, where WBV seemed to attenuate the bone loss that

commonly occurs during the early acute stages after SCI (64).
On the other hand, WBV seems to have a positive role
in ankle spasticity, balance, and walking ability in patients

with incomplete SCI at the cervical level (65), suggesting a
potential synergistic role with other therapeutic interventions.

Only a handful of studies investigated the use of WBV to
improve muscle function in patients with SCI (66). Among
them, a single study evaluated functional parameters such as
walking speed (67), whereas the others took into account only
evaluated electrophysiological data. One study failed to show

any modifications in muscle cross-sectional area or muscle
density after 40 weeks of treatment (68). It should be noted that
available studies have been conducted on small sample sizes,
with heterogeneous protocols (intensity, duration, frequencies).
Therefore, no strong conclusions can be drawn at present time.

FIGURE 1 | Representative computed tomography (CT) scans before and after a 16 weeks epidural electrical stimulation (EES) protocol in two patients with spinal

cord injury. (A) Patient 1 before EES; (B) patient 1 after EES; (C) patient 2 before EES; (D) patient 2 after EES. The images have been kindly provided by Prof. G.

Courtine and J. Bloch.
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Epidural Electrical Stimulation
Epidural electrical stimulation (ESS) is a promising technique for
improving motor recovery in chronic patients with SCI (69, 70).
Preliminary results showed that the application of ESS improving
both motor control and muscle mass in the lower extremity of
patients with severe paralysis or plegia (Figure 1). This effect
could be ascribed to the stimulation of the posterior roots,
enabling muscle contraction (69). This mechanism is different
from that obtained by FES since muscle contraction is mainly
indirect. Interestingly, spasticity, which is another indirect, reflex
activity in patients with SCI, is associated with partially preserved
muscle mass (70).

NUTRITIONAL INTERVENTIONS

Despite a healthy diet is recommended in SCI individuals, there
is a substantial lack of nutritional guidelines for these patients
(71–73). In addition, their altered body composition limits the
accurate measurement of the energy intake and the need (74, 75).
A recent systematic review and meta-analysis investigated the
nutritional status of adult subjects with chronic SCI (76, 77).
The authors showed that mean total energy (1,876 kcal/day),
fiber intake (17 g/day), vitamins A, B5, B7, B9, D, E, potassium,
and calcium were below the levels recommended by the
United States Department of Agriculture (USDA). On the other
hand, protein (319 kcal/day) and carbohydrate (969 kcal/day)
intake and vitamins B1, B2, B3, B12, C, K, sodium, phosphorus,
copper, and zinc exceeded the USDA recommendation. Of
note, the fat intake (663 kcal/day), vitamin B6, iron, and
magnesium were within limits (77). Supplementation with
creatine to improve muscle strength in patients with chronic
SCI has been also evaluated, with conflicting results. Two
studies found no effect of creatine supplementation either on
hand strength (78) or wheelchair performance (79), while two
studies found some positive effects on upper extremity strength
and function (80, 81). All these diverse correlations highlight
the need for a prompt and precise nutritional assessment in
SCI patients, focusing on correct daily energy intake and a
higher fiber and micronutrient intake (i.e., vitamin D and
calcium). Future studies are required to investigate not only
the nutritional health status but also the adequate nutritional
supplementation and its synergism with other interventions in
SCI patients.

SYNERGISTIC AND MULTIDISCIPLINARY
INTERVENTIONS

There is no unequivocal evidence about the superiority
of a single therapeutic intervention to counteract the
modifications in bone and muscle tissues after SCI. Given
the complex and multifaceted nature of these conditions,
it is conceivable that the best therapeutic strategy consists
of the synergistic use of several different interventions in
order to optimize the outcome at bone and muscle level in
SCI patients.

Zoledronic Acid Plus FES Rowing Exercise
Considering the promising role of FES rowing exercise in
promoting muscle contraction with combined mechanical
loading of lower limb long bones in SCI patients, a therapeutic
synergism with drugs acting at the bone level has been proposed
(82). This combined strategy could induce both bone resorption
inhibition and bone neoformation stimulation. A randomized
clinical trial comparing FES-rowing alone with FES-rowing plus
zoledronic acid (a powerful bone anti-resorptive drug), have
been carried out to investigate the impact of bone health in
SCI (82). The latter group had significantly greater cortical
bone volume (CBV) and cortical thickness index (CTI) at
both distal femoral and proximal tibial metaphyses, compared
to the FES-rowing-only group. In the rowing-only group of
patients, the cortical compressive strength index (CSI) at the
tibial metaphysis showed significant variations based on the
amount of exercise performed. These data showed that a
combined antiresorptive and FES rowing exercise therapy might
improve bone quality and geometry, suggesting that multimodal
therapeutic interventions could be beneficial in counteracting the
bone and muscle modifications.

Teriparatide and Whole-Body Vibration
Teriparatide, a 34 amino acid peptide representing the N-
terminal bioactive portion of human PTH, is the only anabolic
agent approved to enhance bone mass and prevent fragility
fractures (83, 84). A recent randomized, double-blind, multi-
center, parallel-group clinical trial on 61 individuals with chronic
SCI and low bone mass showed that patients treated with
teriparatide 20 µg/day showed a significant increase in areal
BMD (aBMD) at the spine level after the first 12 months in
both groups treated (4.8–5.5%) regardless of the simultaneous
administration of WBV or sham WBV (85). This observation
is consistent with a marked response in serum markers of bone
metabolism. On the other hand, the magnitude of the objective
response rate was not significantly related to the treatment
strategy. Furthermore, patients treated by teriparatide in the 12-
month extension study showed further improvement in terms
of spine aBMD (total increase from baseline 7.1–14.4%), which
was higher in those initially randomized to teriparatide. Taken
together, teriparatide administration is related to an increased
spine aBMD skeletal activity and its activity is not increased by
vibration stimulation in chronic SCI individuals.

FUTURE PERSPECTIVES

Despite the progress that has been made in the field of
regenerative spinal cord medicine, the majority of SCI patients
continue to experience not only the direct neurological damage
but also the clinically relevant secondary complications affecting
the muscle and bone tissues. Due to the scarcity of available
data, attention should be paid in making strong statements
or recommendations for the management of these patients.
However, it is anyway possible to translate some of the existing
information into real-life clinical practice and to outline the
future directions for primary research and clinical studies. The
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FIGURE 2 | Bone and Muscle therapeutic interventions in SCI animal models and human subjects.

main bone and muscle therapeutic interventions in SCI animal
models and human subjects are outlined in (Figure 2).

Given that the bone and muscle tissues share not only
their origin from the mesenchymal multipotent stem cell but
also important signaling pathways, response to mechanical
stimulation, and complications, it is reasonable to conceive
that treatments should ideally target both tissues. From
this perspective, physical exercise, nutrition, and electrical
stimulation seem to be the most promising and rational way
of treating both muscle atrophy and osteoporosis. In particular,
the epidural electrical stimulation has the interesting potential of
fostering both the neurological recovery and the increase of the
muscle mass. Hormonal treatments represent another valuable
option but their safety profile needs to be investigated in the
long term.

Another future therapeutic option might be the modulation
of microRNAs (miRNAs) which are non-coding RNA molecules
involved in transcriptional regulation that target pathways of

human diseases. They might be considered not only a target
to prevent bone and muscle modifications but also a potential
powerful therapeutic intervention in improving the functional
recovery after SCI. In this regard, it has been recently showed how
miRNA-411 andmiRNA-340-5p increase could reduce apoptosis,
gliosis and glial scar formation, and all the inflammators in SCI
rats (86, 87).

CONCLUSIONS

SCIs encompass a wide variety of abnormal conditions that
reverberate at the musculoskeletal level. Many secondary
modifications show similarities and shared pathophysiological
patterns to both muscle and bone tissues. The limited evidences
in the literature summarized in this review suggests the need
of an early start of any therapeutic intervention. However, clear
evidence about the most effective treatment to counter bone and
muscle modifications after SCI is missing.
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A deeper understanding of the bone and muscle
interactions would improve the outcome of the patients
affected by several conditions related to musculoskeletal
changes, such as SCI, aging, space travels, and prolonged
immobility. Additional insights in bone and muscle
interactions will be germane for the development
of multitargeted specific therapeutic and preventive
strategies acting on both bone and muscle tissue. The
development of multidisciplinary recommendations is
required for the clinical management of these patients at
an individualized level.
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Signaling lipid mediators released from 5 lipoxygenase (5LO) pathways influence both

bone and muscle cells, interfering in their proliferation and differentiation capacities. A

major limitation to studying inflammatory signaling pathways in bone and muscle healing

is the inadequacy of available animal models. We developed a surgical injury model

in the vastus lateralis (VL) muscle and femur in 129/SvEv littermates mice to study

simultaneous musculoskeletal (MSK) healing in male and female, young (3 months) and

aged (18 months) WT mice compared to mice lacking 5LO (5LOKO). MSK defects

were surgically created using a 1-mm punch device in the VA muscle followed by a

0.5-mm round defect in the femur. After days 7 and 14 post-surgery, the specimens were

removed for microtomography (microCT), histopathology, and immunohistochemistry

analyses. In addition, non-injured control skeletal muscles along with femur and L5

vertebrae were analyzed. Bones were microCT phenotyped, revealing that aged female

WT mice presented reduced BV/TV and trabecular parameters compared to aged males

and aged female 5LOKO mice. Skeletal muscles underwent a customized targeted

lipidomics investigation for profiling and quantification of lipid signaling mediators (LMs),

evidencing age, and gender related-differences in aged female 5LOKOmice compared to

matched WT. Histological analysis revealed a suitable bone-healing process with osteoid

deposition at day 7 post-surgery, followed by woven bone at day 14 post-surgery,

observed in all young mice. Aged WT females displayed increased inflammatory

response at day 7 post-surgery, delayed bone matrix maturation, and increased TRAP

immunolabeling at day 14 post-surgery compared to 5LOKO females. Skeletal muscles

of aged animals showed higher levels of inflammation in comparison to young controls

at day 14 post-surgery; however, inflammatory process was attenuated in aged 5LOKO
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mice compared to aged WT. In conclusion, this new model shows that MSK healing is

influenced by age, gender, and the 5LO pathway, which might serve as a potential target

to investigate therapeutic interventions and age-related MSK diseases. Our new model

is suitable for bone–muscle crosstalk studies.

Keywords: 5 lipoxygenase, bone, lipid mediators, aging, muscle, tissue healing

INTRODUCTION

Investigation of bone and muscle homeostasis has in recent
years expanded to biochemical crosstalk via the secretion of
different molecules, such as signaling lipid mediators (LMs)
derived from essential polyunsaturated fatty acids (PUFA), with
potential implications on aging, inflammation, and tissue healing
(1–4). In this context, although skeletal muscle possesses great
plasticity in response to physiologic stimuli (5, 6), its capacity for
adaptation/regeneration is dependent on many different factors,
such as the nature and extent of the stimulus (7), viability of
satellite cells, aging, and inflammation (7–9). Indeed, higher
inflammatory marker levels in elderly populations are directly
associated with loss of muscle mass and strength (10), as well with
the reduced capacity for bone healing, decreasing in the viability
of osteoprogenitor cells (11). As observed in mice, aging also
causes changes in skeletal muscle in a variable range of LM (12),
such as AA-derived eicosanoids, eicosapentaenoic acid (EPA), as
well as Omega 3 (ω-3) PUFA derivatives [e.g., docosahexaenoic
acid [DHA]], in an age- and gender-dependent manner. In
the face of these multiple factors (inflammation, aging, and
gender), healing outcomes on the MSK system can vary from
complete tissue regeneration to fibrosis, affecting the functional
recovery of these tissues with important clinical implications
(11). However, investigations are still ongoing on the specific
cellular and molecular factors involved in the interconnected and
interdependent healing of bone and muscle.

Due to the close anatomical relationship of bone and muscle,
traumatic bone injuries (open bone fractures or surgical trauma)
involve damage to the adjacent muscles, requiring simultaneous
tissue healing of both compartments (1, 2, 13). Skeletal muscle
assists bone healing, not only when it is used as a flap (or a
second periosteum) for improving bone defect vascularization
(14–16), but also the osteogenic potential of satellite cells (13).
In vitro studies have suggested that osteocytes can enhance in
vitro myogenesis and ex vivo muscle contractility by different
mechanisms, such as through the Wnt/β-Catenin pathway (3)
and the secretion of prostaglandin E2 (PGE2) key LM, which has a
positive impact in the myogenic differentiation of primary mouse
myoblasts/myotubes (4).

Skeletal muscle is mainly composed by muscle fibers
surrounded by myogenic progenitors (satellite cells) with
the capacity to proliferate and induce new fiber formation
to restore injured tissue, followed by the upregulation and
expression of Myoblast Determination Protein 1 (MyoD),
as demonstrated in murine models of muscle regeneration
(7, 17). MyoD is a quintessential protein in mammals that
belongs to the Muscle Regulatory Family of proteins and is

necessary for myoblast differentiation into myotubes (18).
While new myotubes are formed, other injured muscle fibers
undergo to degeneration/atrophy due to injuries followed
by the upregulation and expression of Muscle Ring Finger-
1 (MuRF1) (7, 17, 19). MuRF1 belongs to the family of
ubiquitin ligases, is proposed to trigger muscle protein
degradation via ubiquitination, serving as a marker for
fiber degeneration/atrophy (19). MyoD and MuRF1 are both
suitable markers for models of muscle regeneration/remodeling
in skeletal muscle post-surgery. At the same time, bone
has mesenchymal cell-derived osteoblasts, which can
transfer from a quiescent stage into rapid proliferation and
differentiation after certain stimuli and expression of Runt-
related Transcription Factor-2 (Runx-2) (20). After new bone
deposition, hematopoietic-derived osteoclasts regulated by
osteoblasts, and inflammatory mediators contribute to bone
maturation by a coordinated resorption of new bone matrix,
followed by expression of different markers, such as Tartrate
Resistant Acid Phosphatase (TRAP) (21).

Apart from the specificity of each cell type involved in skeletal
muscle and/or bone regeneration, general tissue healing post-
injury requires an initial and transient inflammatory phase,
with release of several cytokines and inflammatory mediators,
such as AA-derived signaling lipid mediators released from
ciclooxigenase-2 (COX2) and 5-Lipoxygenase (5LO) pathways
(22–24). These processes inherent to the inflammatory response
are essential in directing vascular events and leukocytes
migration, through the release of PGs and LTs (LTB4 and/or
CysLTs), respectively (25, 26). In addition, evidence from
other studies have also supported a crucial modulatory role
of COXs and 5LO pathways and their products, PGs and
LTs, on bone and muscle cells in different models of tissue
repair/regeneration (4, 27–31).

While COX2 seems to affect bone healing in a positive manner
by inducing new bone formation and angiogenesis (27, 32,
33), the 5LO pathway and its final products are supposed to
contribute to osteoclastic differentiation and consequent bone
resorption (29, 34–36) and inhibited bone formation in vitro (37).
Male mice genetically deficient (knockout) for COX2 expression
(COX2 KO mice), presented delayed bone formation in femur
fractures, but with significant rescue after periosteal injection
of the prostaglandin E2 receptor 4 (EP4) agonist (33). On the
other hand, male young mice lacking 5LO expression presented
increased cortical thickness (36) and accelerated fracture healing
in endochondral bones (28). Previous studies comparing 129
SvEv WT with homozygous KO for 5LO have also shown a
relevant role of 5LO activity in periodontal inflammation and
bone resorption (35, 38). Furthermore, the pharmacological
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inhibition of 5LO (39) or antagonism of CysLT1-receptor also
enhanced endochondral bone healing in rats (40). In skeletal
muscle, LTB4 contributes to muscle regeneration by enhancing
the proliferation and differentiation of satellite cells (41). In
vitro studies revealed that the 5LO pathway is one of the major
sources of extracellular ROS release in skeletal muscle (42).
Significant upregulation of LTB4 pathway has been particularly
found in muscle tissue in chronic inflammatory conditions
(polymyositis or dermatomyositis) and seems to be associated
with muscle weakness (43). However, the role of 5LO on
muscle healing remains elusive, and no previous studies have
addressed the effects of 5LO inhibition or its complete deletion
in animal models.

Finally, it is important to mention that 5LO activity measured
by the amount of LTs are significantly higher in females than in
males, in humans (44, 45), and rodents (46–48). These differences
in gender generally associate with a higher incidence and severity
of inflammatory chronic conditions and autoimmune diseases
in females than males, such as rheumatoid arthritis and asthma,
and positively associate with increased levels of LTs (49). Thus, it
is reasonable to hypothesize that gender is an important factor
that can modulate the action of lipid mediators on the MSK
system-healing capacity.

Therefore, efforts on development/characterization of animal
models of simultaneous bone–muscle healing might support a
comprehensive understanding on the role of lipid mediators
in this process to provide insights that could lead to the
identification of potential targets for the treatment and/or new
interventions (e.g., specific diets/exercises) of MSK injuries.
Our primary objective was to develop a new surgical mouse
model that better represents the pathophysiological conditions
for the simultaneous injury of bone and muscle without major
catastrophic failure. As a secondary objective, we then utilized
this model to investigate healing patterns during aging. We
further studied the influence of gender and 5LO using the
5LOKO mouse. Our key findings revealed that aging delayed
both muscle and bone healing in mice, with bones recovering
faster than muscles, maybe indicating a role of muscles, to act
as bone sentinels. We observed the major negative effects in
agedWT females. Importantly, despite the aging negative effects,
5LOKO aged females presented an improved skeletal phenotype
and healing outcomes compared to the young WT mice.

MATERIALS AND METHODS

Animals
In this study, we utilized 129/SvEv wild type (WT) and
5LO (homozygous knockout for 5LOtm1Fun, designated here as
5LOKO). Littermate controls 129/SvEv and 5LOKO mice were
used as previously described by other studies using this strain
of 5LOKO mice (35, 38) and from the same source (38). Mice
were obtained from Central Animal Facility for Special Mice
of the School of Medicine of Ribeirão Preto—University of
São Paulo, Brazil (CCCE-FMRP-USP) and were housed in the
Central Animal Facility of Universidade Sagrado Coração (USC),
Bauru, São Paulo, Brazil, under the approval of IACUC protocol
#9589271017 (from Institutional Ethic Committee on Animal

Use) and following the normative regulations provided by the
National Council for the Control of Animal Experimentation
in Brazil (CONCEA). Our design included four experimental
groups, each containing 20 mice: 3-month old (young) males
and females, and 18-month old (aged) males and females. The
mice received sterile water and sterile standard solid mice chow
(Nuvital, Curitiba, PR, Brazil) ad libitum and were housed at
temperature-controlled rooms (22–25◦C). We conducted estrus
cycle analysis (Toluine blue O vaginal smears) to determine post-
menopausal stage in all aged female mice (50, 51). All animal
procedures were cared for in accordance with the CONCEA and
following the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health (Institute of Laboratory
Animal Resources (U.S.), as well as the ARRIVE guidelines
recommendations (52). Experimental groups for bone–muscle
surgical injury model were comprised of five animals per
group/time point (7 and 14 days) and used for microtomography
(microCT), histological, and immunohistochemical analysis.
Prior and during the experimental protocol, animals from each
group were allocated in groups of five mice per cage and the
cages were codified by the researcher supervisor and technician in
order to minimize bias. Naïve bones (left femur and L5 vertebrae)
were used for skeletal phenotyping by microCT analysis. One
129SvEv WT aged and one young female were additionally used
for pilot studies for the surgical model. Naïve gastrocnemius
muscles were collected for lipidomics analyses at the Bone–
Muscle Research Center, https://www.uta.edu/conhi/research/
bmrc/index.php, University of Texas–Arlington.

Experimental Protocol for Surgical Muscle
and Bone Injury
We developed a new surgical model for the simultaneous injury
of bone and muscle to simulate conditions of trauma and/or
surgeries in a controlled and reproducible manner, where both
tissues are damaged, but without catastrophic damage, such as
an injury that occurs in automobile accidents or with military
personnel. Mice were anesthetized with intraperitoneal injection
of 80 mg/kg ketamine chloride (Dopalen, Agribrands Brasil,
Paulínia, SP, Brazil) and 160 mg/kg xylazine chloride (Anasedan,
Agribrands Brasil, Paulínia, SP, Brazil). Additional local
anesthesia was provided by using 5µL of intramuscular injection
of Mepivacaine Hydrochloride 2% with Epinephrine 1:100,000
(Mepiadre R©, DFL, Rio de Janeiro, Brazil) vasoconstrictor, to
provide hemostasis and additional comfort in the first hours after
surgery. All animals were measured in relation to body weight
(BW) and rostrocaudal (RC) length before the experimental
procedures. Then, mice were positioned in lateral decubitus
under a stereomicroscope providing 5× magnification (DF
Vasconcellos, São Paulo, SP, Brazil). The right lower limb was
gently shaved, disinfected with polyvinylpyrrolidone prior to
a 10-mm vertical incision to expose the Vastus Lateralis (VL)
underlying muscle. A 1-mm micro-punch device for rodents
(Härte Instrumentos Cirúrgicos, Ribeirao Preto, Brazil) was used
to create a muscle defect to a depth of 1.5mm until it reached the
femoral bone. To produce a subjacent monocortical bone defect
in the femur, midshaft femoral bone was drilled using a 0.50-mm
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pilot drill (NTI-Kahla GmbH Rotary Dental Instruments, Kahla,
Thüringen, Germany) to a maximum depth of 1mm at 600
rpm, using a surgical motor (NSK-Nakanishi International,
Kanuma, Tochigi, Japan). Bone defects were created under cold
saline solution irrigation to avoid thermal necrosis in bone and
surrounding tissues. Only subcutaneous tissue (not muscle) was
sutured with 5–0 silk suture (Ethicon, © Johnson & Johnson,
São Paulo, Brazil). All groups of animals were submitted to
surgery, and the actual surgical procedure (creation of defects)
was performed by a single trained, expert surgeon (CCB), who
was blinded at this point of the experiment. No antibiotics and
anti-inflammatory drugs were administered to the animals after
the MSK-injury so as not to interfere with experimental design.
At the first 72 h after surgery, the feed was supplied from the
bottom compartment of the cage to prevent, but not impede,
the recovering mice from getting up in the cage, which could
result in additional unintended damage. The suture naturally fell
off 3–4 days post-surgery when the skin was clinically healed.
Mice were provided sterile water ad libitum and were fed with
sterile standard solid mice chow (Nuvital, Curitiba, PR, Brazil)
throughout all experimental periods of this study.

Sample Collection
At the end of experimental time points, mice were euthanized
for sample collection. The VL muscle was dissected from
the quadriceps femoris muscles, embedded in optimal cutting
temperature compound (OCT) (Tissue-Tek, Sakura Finetek,
Torrance, CA, USA) and immediately frozen in liquid nitrogen
for cryostat sectioning. Gastrocnemius muscle samples were
collected and immediately frozen in liquid nitrogen for targeted
quantification of LMs via lipidomics, as previously described
(12). Injured femurs, as well as femur controls and L5
vertebrae, were fixed in phosphate buffered saline (PBS) buffered
formalin (10%) solution (pH 7.2) for 48 h at room temperature.
Bone specimens were washed overnight in running water and
maintained in 70% hydrous ethanol for microCT scanning. After
microCT scanning, bone specimens were decalcified in 4.13%
EDTA (pH 7.2) following histological processing protocols, as
previously described (53).

Micro CT
Bone specimens (injured, control femurs, and L5 vertebrae) were
scanned for qualitative and quantitative analyses by microCT.
Controls used for bone phenotyping (10 biological replicates)
from each group were pooled (from 7 to 14 days), since they
represented controls. Five biological replicates of injured femurs
were used from each group. First, specimens were rehydrated
in saline solution for 10min before scanning. Sample scanning
was performed by using a Skyscan 1174 System (Skyscan,
Kontich, Belgium) at 50 kV, 800 µA, with a 0.5-mm aluminum
filter, 180 degrees of rotation and exposure range of 1 degree
and a 14-µm-pixel-size resolution, as previously described
(21). Briefly, projections were first reconstructed using the
NRecon software (Bruker microCT, Kontich, Belgium), realigned
in Data Viewer for 2D images. Tridimensional images were
obtained by using CTVox (Bruker microCT, Kontich, Belgium).
Quantitative parameters were assessed using CTAn (Bruker

microCT, Kontich, Belgium), based on previous guidelines and
recommendations (54), as well as similar regions of interest
(ROI) for L5 vertebrae and femur analysis (55–57). For skeletal
phenotype, L5- vertebral body was evaluated considering a ROI,
1.5mm in diameter and 3mm in length. Femur was analyzed
considering two regions: a 2-mm length of the cortical of mid-
diaphysis and a 1.5-mm length of the cancellous compartment
of distal metaphysis. Evaluated parameters for skeletal phenotype
comprised bone volume (BV, mm3), fraction of bone volume
[Bone Volume/Tissue Volume (BV/TV), %], trabecular number
(Tb.N), trabecular thickness (Tb.Th), and trabecular separation
(Tb.Sp). Cross-sectional volume (mm3) was evaluated only for
the cortical mid-diaphysis of femur. Bone defects were evaluated
for BV/TV (%) by using a cylindrical ROI, 0.5mm in diameter
and 0.5mm in depth, considering the size of monortical defect.

Histological Processing for Injured Bone
After microCT scanning, femur samples containing the region
of defect were washed and immersed in buffered 4.13% EDTA
(pH 7.2) for decalcification for 3 weeks. Then, specimens were
processed for histological embedding in paraffin blocks. Semi-
serial 5-µm histological transversal slices were obtained from the
central area of the bone defect and were used for Hematoxylin
and Eosin (H&E), modified Goldner’s Trichrome/Alcian Blue
(58), and Picrosirius red staining for birefringence and
immunohistochemistry for 5LO, Runx2, and TRAP.

Histological Processing for Injured
Muscles
Muscle samples were processed as previously described (59,
60). VL muscles were embedded in OCT and sectioned at
temperature of −20◦C (Leica, CM 1850, Nussloch, Germany).
Eight semi-serial 8-µm transversal sections were obtained from
each specimen separated by at least 40µm, comprising the area
of defect and adjacent areas. Histological sections from days 7- to
14 post-surgery were used for H&E staining. Histological sections
from 7 days post-surgery were used for immunohistochemistry
for MuRF1 and MyoD.

Histopathological Analysis of Bone and
Muscle Healing
Bone and muscle samples stained with H&E were used for
histopathological analysis by two blinded examiners (CCB
and MAM). Bone healing was evaluated considering the
presence of inflammatory infiltration, connective tissue, cartilage,
newly formed bone (containing new osteoblasts and osteocytes
differentiation), osteoclasts, and blood vessels in remodeling
areas. Modified Goldner’s Trichrome/Alcian Blue was also used
as a complementary approach to identify newly formed bone,
cartilage, and connective tissue. Five biological replicates from
muscle samples were also used for histomorphometric analysis.
The histological region for healing comprised 1 mm2 in the
central area of muscle defect, as well the adjacent region of
central damage, for evaluation of cross-sectional area (CSA) of
fibers. CSA measurement was performed with two technical
replicates from each animal, from which six photomicrographs
at 100× magnification (technical replicates) were captured and
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evaluated using the software SigmaScan Pro 5.0 (Systat Software
Inc., Chicago, USA). Histomorphometric parameters included
inflammatory infiltrate in the area of injury and fibers with
centralized myonuclei surrounding the region of the defect.
We used histological sections (three technical replicates) from
five animals (biological replicates) per group. Quantification
of histological parameters was performed using four random
histological fields from each histological section. Histological
fields were captured at 100× using an oil immersion objective
(Carl Zeiss Jena GmbH, Jena, Germany). A grid image was
superimposed on each histological field containing a total
of 100 points in a quadrangular area by using the ImageJ
software (Version 1.51, National Institutes of Health, Bethesda,
Maryland, USA), as previously described (53). Only the points
coincident (considered as the intersection point of the vertical
and horizontal lines) with the histological parameters were
considered, and the total number of points was obtained to
calculate the area density for each healing component in each
section. Results were presented as means ± SDs of the area
density for each bone and muscle healing parameter.

Birefringence Analysis for Collagenous
Content in Bone Defects
Quality and quantity of bone matrix deposition was performed
using the Picrosirius-polarization method and birefringence
analysis. Two histological fields (two biological replicates) of
each femur defects stained with Picrosirius Red were captured
with a 10× objective under polarizing lens coupled to a
binocular invertedmicroscope (Leica DM IRB/E) and analyzed as
previously described (21, 61). Green birefringence color indicates
thin fibers; yellow and red colors at birefringence analysis
indicate thick and organized collagen fibers (21, 58). Briefly,
spectra of green, yellow, and red colors were defined by RGB
values, and the quantity of pixels-squared was calculated for
each field by using the AxioVision 4.8 software (CarlZeiss). After
calculations of each spectrum fiber, total area was also calculated
by the sum of each color spectrum.Means and standard deviation
(SD) considering the two technical replicates (histological fields)
and five biological replicates (number of animals per group) were
calculated for each group, considering strain, gender and age.

Immunohistochemistry
Histological sections from femur defects were used for individual
immune detection of TRAP (sc30832), Runx2 (sc8566), and
5LO (sc136195). Muscle samples were used for individual
immune detection of MuRF-1 (sc398608) and MyoD (sc377460).
All primary antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Paraffin-embedded histological sections were rehydrated,
and antigen retrieval was performed by boiling the slides in
10mM sodium citrate buffer (pH 6) for 30min at 100◦C. Sections
were pre-incubated with 3% Hydrogeroxidase Block (Spring
Bioscience Corporation, CA, USA) and then incubated with
7% Non-fat Dry Milk to block serum proteins. Frozen muscles
samples were incubated in ice-cold acetone prior to incubation
with horse serum for protein blocking. Anti-TRAP, anti-Runx2,
Anti-MuRF1, and Anti-MyoD primary antibodies were diluted at

1:100, while 5LOwas diluted in 1:200 in diluent solution and then
incubated for 1 h at room temperature. Goat-On-Rodent HRP-
Polymer PromARM (cat # GHP516G, Biocare Medical, Pacheco,
CA) was used as a detection method for TRAP and Runx-2,
and sections were incubated for 40min at room temperature
following manufacturer instructions. Anti-Mouse HRP-Polymer
made in goat (ImmPRESS, Vector Laboratories, San Diego, CA)
was used as a detection method for 5LO, MuRF-1, and MyoD.
The identification of antigen–antibody reaction was performed
using 3-3′-diaminobenzidine (DAB). Bone samples labeled for
TRAP, Runx-2, and 5LO were counterstained with Mayer’s
hematoxylin. Muscle samples were left without counterstaining
to be used for optical density quantification. Negative controls
were performed by using only diluents solution instead of
primary antibody.

Quantification of Immunohistochemical
Markers
Quantification of all markers was performed by using four
histological fields from each histological section captured, using
a 100× oil immersion objective (Carl Zeiss Jena GmbH, Jena,
Germany). Quantification of TRAP was performed at the 14-
day time point; most TRAP+ cells were found in areas of bone
remodeling. Runx2, MuRF-1, and MyoD labeling were analyzed
at the 7-day time point. Pixels quantification was performed with
Aperio Image Scope v. 12.3.3 (Leica Biosystems, Buffalo Grove,
USA), used for immunohistochemical analysis in pathology
(62). Images were analyzed by choosing the algorithm Positive
Pixel Count in Aperio Image Scope (Leica Biosystems, Buffalo
Grove, USA). Subsequently, all positive pixels were calculated,
and the results were expressed as Positivity (number of positive
pixels/number total). Negative controls tissues were used for
confirmation of negative labeling and detection. Results were
presented as the means and SD for each marker.

Targeted Lipidomics
Targeted lipidomics was performed following our previously
published quantification method (12) with some modifications.
Briefly, aliquoted frozen muscle tissue (50–100mg) was applied
for LC-MS/MS-based lipidomic analysis. All components of LC-
MS/MS system are from Shimadzu Scientific Instruments, Inc.
(Columbia, MD). The LC system was equipped with four pumps
(Pump A/B: LC-30AD, Pump C/D: LC-20AD XR), a SIL-30AC
autosampler (AS), and a CTO-30A column oven containing a
two-channel, six-port switching valve. The LC separation was
conducted on a C8 column (Ultra C8, 150 × 2.1mm, 3µm,
RESTEK, Manchaca, TX) along with a Halo guard column
(Optimize Technologies, Oregon City, OR). The MS/MS analysis
was performed on Shimadzu LCMS-8050 triple quadrupole mass
spectrometer. The instrument was operated and optimized under
both positive and negative electrospray and multiple reaction
monitoring modes (± ESI MRM). Standard lipid mediators and
corresponding isotope-labeled lipid mediator internal standards
(IS) were purchased from Cayman Chemical Co. (Ann Arbor,
MI). All analyses and data processing were completed on
Shimadzu LabSolutions V5.91 software (Columbia, MD). Four
total bioactive lipids [EPA, DHA, AA, 11,12-epoxyeicosatrienoic
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FIGURE 1 | Macroscopic anatomy and skeletal phenotype of young and aged WT and 5LOKO mice: (A) Male and female, young (3 months old) and aged (18

months old) 129/SvEv WT and 5LOKO mice. (B) Axial and Coronal sections of L5 vertebrae, femur distal metaphysis, and mid-diaphysis. Images were obtained after

scanning in Skyscan 1174 System (Skyscan, Kontich, Belgium). Projections were first reconstructed using the NRecon software and realigned in Data Viewer (Bruker,

Kontich, Belgium) for 2D images.

acid [11,12-EET], and PGE2] were quantified from muscle
samples in this study. Results were presented quantity of each
lipid in muscle (pg/mg muscle).

Statistical Analysis
Quantitative data were first analyzed for distribution of
normality using Shapiro-Wilk normality test. Possible outliers
were identified using the ROUT method, using the maximum
Q of 1% for False Discovery Rate (FDR) (63). The effect
of age and/or gender and/or genotype for quantitative
parameters were analyzed by two-way ANOVA followed by
Bonferroni correction. Values of p < 0.05 were considered
statistically significant.

RESULTS

Differences in Gross Anatomy and Skeletal
Phenotype of 5LOKO Aged Mice
First, we investigated the impact of aging on body weight, RC
length, and microtomographic parameters for skeletal phenotype
in male and female 129/SvEv WT and 5LOKO mice (Figure 1,
Table 1). Statistically significant differences for the body weight
(grams) and RC length (cm) were found between genders in
WT groups: higher values for young and aged male compared
to female mice. Also, young 5LOKO male presented increased
body weight compared to females, and aged 5LOKO male mice
presented increased RC length compared to females. Considering
differences between genotypes, aged 5LOKO males showed

higher RC length compared to aged controls, while no differences
were found between aged or young WT vs. 5LOKO females
considering these parameters.

We evaluated the cortical diaphysis of femur (BV) and
morphological parameters in cancellous compartments of
femur (distal metaphysis) and the L5-vertebral body. No
statistical differences were found in the cortical diaphysis
of femur, considering age, gender, or genotype (Table 1);
although qualitative differences were observed in the transversal
sections of femur diaphysis of aged WT females compared
to aged WT males and aged 5LOKO females. Aged WT and
aged 5LOKO females displayed increased trabecular spacing
(Tb.Sp) in femur metaphysis compared to their young controls
(p < 0.05), but presented no differences comparing both
genotypes. The effect of age led to a reduced BV/TV in
femur metaphysis of aged WT females compared to young
controls (p < 0.05). In a comparison of genotypes, aged
female WT mice presented a significantly reduced BV/TV in
femur metaphysis in comparison to aged 5LOKO female mice.
Major differences were also found in trabecular parameters of
L5. The effect of age led to a reduced BV/TV and Tb.N in
aged WT female compared to young controls. In comparison
of genotypes, aged female WT mice presented a significantly
reduced BV/TV and Tb.N in comparison to aged 5LOKO
female mice. Both aged male and female WT mice presented
an increased Tb.Sp compared to 5LOKO controls. In general,
WT mice were most influenced by aging compared to 5LOKO
(Table 1).

Frontiers in Endocrinology | www.frontiersin.org 6 August 2020 | Volume 11 | Article 484100

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Biguetti et al. MSK Healing in 5LOKO Mice

TABLE 1 | Macroscopic features and skeletal phenotyping in WT vs. 5LOKO mice.

Parameters Sites/Groups Y WT ♂ Y WT ♀ A WT ♂ A WT ♀ Y KO ♂ Y KO ♀ A KO ♂ A KO ♀

BW (grams) – 27.97 ± 3.22& 22.54 ± 2.36& 29.06 ± 3.22& 23.96 ± 3.58& 25.90 ± 3.07& 20.61 ± 2.00&* 29.04 ± 2.59 26.07 ± 2.49*

RC (cm) – 9.07 ± 0.27& 8.43 ± 0.30& 8.66 ± 0.30# 8.51 ± 0.47 9.00 ± 0.23 8.50 ± 0.16 9.37 ± 0.49&# 8.79 ± 0.42&

BV (mm3 ) Femur diaphysis 1.70 ± 0.09 1.90 ± 0.80 2.22 ± 0.31 1.62 ± 0.32 1.98 ± 0.22 1.59 ± 0.41 1.70 ± 0.26 1.74 ± 0.64

BV/TV (%) Femur metaphysis 16.98 ± 5.12 23.99 ± 5.81* 19.08 ± 2.87 12.30 ± 2.20*# 28.42 ± 7.00 27.91 ± 54.98 27.30 ± 3.92 21.00 ± 4.19#

L5 vertebrae 35.88 ± 4.87 44.16 ± 4.35* 33.68 ± 7.45 25.62 ± 6.65*# 40.08 ± 3.28 34.15 ± 5.25 42.63 ± 4.41 42.27 ± 7.06#

Tb.Th (mm) Femur metaphysis 0.18 ± 0.01 0.19 ± 0.02 0.17 ± 0.02 0.16 ± 0.03 0.19 ± 0.03 0.19 ± 0.04 0.21 ± 0.06 0.21 ± 0.02

L5 vertebrae 0.09 ± 0.01 0.10 ± 0.01 0.10 ± 0.02 0.10 ± 0.03 0.10 ± 0.01 0.13 ± 0.02 0.12 ± 0.01 0.17 ± 0.03

Tb.Sp (mm) Femur metaphysis 0.46 ± 0.18 0.33 ± 0.07* 0.53 ± 0.12 0.86 ± 0.39* 0.33 ± 0.09 0.30 ± 0.06* 0.31 ± 0.109& 0.70 ± 0.07*&

L5 vertebrae 0.29 ± 0.03 0.24 ± 0.02 0.34 ± 0.06# 0.32 ± 0.07# 0.20 ± 0.03 0.21 ± 0.04 0.21 ± 0.01# 0.17 ± 0.03#

Tb.N (1/mm) Femur metaphysis 1.05 ± 0.16 1.18 ± 0.30 0.99 ± 0.15 0.61 ± 0.11 1.45 ± 0.12 1.67 ± 0.43* 1.53 ± 0.32 0.85 ± 0.26*

L5 vertebrae 3.22 ± 0.25 3.51 ± 0.34* 2.60 ± 0.66& 1.28 ± 0.36*#& 3.96 ± 0.39 3.15 ± 0.18 3.07 ± 0.26 2.18 ± 0.28#

Results are presented as the means (± SD) for each parameter.

In the comparison between columns, symbol *indicates comparison between columns: the effect of age (Y vs. A) in groups of same genotype and gender (e.g., Y ♀ WT vs. A ♀ WT);

symbol # indicates the effect of different genotypes (WT vs. KO) in groups of same age and gender (e.g., Y ♀ WT vs. Y ♀ KO); and symbol & indicates the effect of gender (♂ vs. ♀) in

the same genotype and age (e.g., Y ♀ WT vs. Y ♂ WT). Statistically significant differences are indicated between groups with equal symbols (p < 0.05). Y = 3 months; A = 18 months.

BW, Body weight; RC, rostrocaudal length.

TABLE 2 | Targeted lipidomics of skeletal muscle in WT vs. 5LOKO mice.

Groups

Lipids

(pg/mg)

Y WT ♂ Y WT ♀ A WT ♂ A WT ♀ Y KO ♂ Y KO ♀ A KO ♂ A KO ♀

AA 4,136 ± 163 4,340 ± 177 3,221 ± 193 3,125 ± 370# 4,652 ± 81 4,473 ± 633 4,481 ± 859 5,288 ± 613#

PGE2 10.8 ± 3.65 6.9 ± 2.26# 16.77 ± 2.59 15.9 ± 3.06# 12.23 ± 0.64* 20.73 ± 15.22# 10.9 ± 2.78&* 45.87 ± 29#&

11,12-EET 6 ± 1.37 8 ± 3.36 4 ± 0.70#& 10 ± 3.28& 9.90 ± 3.36* 5.26 ± 2.08 23.8 ± 8.03#&* 8.8 ± 1.66&

DHA 8,386 ± 847* 8,899 ± 769* 6,078 ± 586#* 7,333 ± 1,571#* 9,679 ± 643* 11,580 ± 2133* 17,006 ± 1408#* 15,659 ± 2128#*

EPA 197 ± 21 211 ± 24 189 ± 26 172 ± 29# 292 ± 23 325 ± 65# 391 ± 108 401 ± 106#

Results are presented as the means (±SD) for each lipid mediator.

In the comparison between columns, symbol *indicates comparison between columns: the effect of age (Y vs. A) in groups of same genotype and gender (e.g., Y ♀ WT vs. A ♀ WT);

symbol # indicates the effect of different genotypes (WT vs. KO) in groups of same age and gender (e.g., Y ♀ WT vs. Y ♀ KO); and symbol & indicates the effect of gender (♂ vs. ♀) in the

same genotype and age (e.g., Y ♀ WT vs. Y ♂ WT). Statistically significant differences are indicated between groups with equal symbols (p < 0.05). Y = 3 months; A = 18 months.

Targeted Lipidomics of Skeletal Muscle
In order to analyze the endogenous quantities of eicosanoid
lipid mediators relevant in the inflammatory process of naïve
skeletal muscle, we determined the concentration (pg/mg) of
PGE2, 11,12-EET, AA, EPA, and DHA (Table 2). Considering
the effect of age, WT mice presented a decrease in levels of
DHA compared to their young controls, while aged 5LOKOmice
presented an increase in this LM when compared with their
young controls. Aged WT female mice presented an increase in
levels of 11,12-EET compared to young WT female mice and
compared to aged WT male mice. Considering the effect of
genotype, the amounts of AA, DHA, and EPA were significantly
decreased in aged female WT mice compared to aged female
KO mice. Levels of 11,12-EET were significantly increased in
aged 5LOKO male mice compared to aged WT male mice
and also compared to aged female 5LOKO mice. Aged male
WT mice also had a decrease in the levels of DHA and EPA
compared to aged KO mice. Also, young and aged female WT
mice had a decrease in the levels of PGE2 comparing with
5LOKO matched controls. Considering the effect of gender,

levels of PGE2 were significantly increased in aged female
KO mice, with significant differences compared to aged male
KO mice.

Development of the Surgical Protocol
For developing the surgical MSK injury, we created a defect
in the VA muscle (1-mm in diameter) of the right lower
limb, followed by a subjacent monocortical defect (0.5mm
diameter) in the midshaft of femoral bone (Figure 2A). After
animal anesthesia and preparation under the stereomicroscope,
the time of surgical procedure and suture was no longer
than 10min. No fractures or other additional complications
were observed following the surgeries. There was no evidence
of weight loss, infection, and persistent inflammation in
surgical sites. The subcutaneous sutures fell off 3–4 days
post-surgery when the skin was clinically healed by day
7 post-surgery. The day after the surgery, animals were
able to ambulate properly and presented no major signs
of distress. Importantly, of the 80 animals used in this
study, two aged 5LOKO female mice died immediately
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FIGURE 2 | Establishment of the novel surgical bone-muscle model of simultaneous injury: (A) Images of the surgical model: I to IV—(I) vastus lateralis and femur

anatomic localization in mouse and the schematic representation of muscle and bone surgical injury; (II) clinical aspect of muscle and bone injury; (III) 1-mm micro

punch created a muscle defect to a depth of 1.5-mm until reaching the femoral bone; (IV) view of the subsequent defect induced by bone drilling using a 0.5-mm pilot

drill at 600 rpm under constant irrigation. (B) Representative images for the immunolabeling of 5LO (arrows) in bone and muscle of young WT 7 days post-surgery (b),

muscle (m), and periosteum (p) surrounding the bone defect. (C–F) MicroCT analysis: Femur containing bone defects were scanned with the microCT System

(Skyscan 1174; Skyscan, Kontich, Belgium). (C) MicroCT 3D qualitative images were obtained from 7 to 14 days post-surgery in young and aged, male and female,

and WT and 5LOKO mice. (D) ROI determined in the site of femur injury. (E,F) Bone Volume Fraction (BV/TV, %) was quantified at days 7 and 14 post-surgery, and

results are presented as mean ± SD. Different letters indicate significant differences between young and aged mice for each sex and strain (p < 0.05).

after the anesthesia by accidental excess of local anesthesia
combined with sedation and were replaced by two other
animals. No animals were lost due to the surgical procedure
and/or during the recovery phase or up to the 14-day

post-surgery period.

5LO Is Detected in WT Mice in Bone- and
Muscle-Injured Tissues
Histological slides from young male WT mice at 7
days post-surgery were used for the immunolabeling of
5LO. 5LO-positive cells were found on the cytoplasm
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FIGURE 3 | Birefringence analysis of collagen fibers during bone healing in young and aged WT and 5LOKO mice. (A) Representative images of the birefringence

analysis are seen under polarized light. In the last panel, 14 days post-surgery of aged animals, green, yellow and red fibers bundles are exemplified by arrows in each

respective color. Green birefringence color indicates thin fibers, while yellow and red colors indicate thicker collagen fibers, as indicated by arrows and in the (B). (B)

Proportion of different thickness of collagen fibers (color spectrum) considering the total of collagen in each time point post-surgery (7 and 14 days post-surgery).

Slides stained with Picrosirius red and captured at 10× were analyzed in Image-analysis software (AxioVision, v. 4.8, CarlZeiss). (C) Total area of collagen fibers (pixel2)

considering the sum of each spectrum of birefringence. Results are presented as mean and SD of pixels2 for each color in the birefringence analysis. Symbol *

indicates statistically significant difference between young female KO and aged female KO (p < 0.05).

of inflammatory cells in the granulation tissue of
bone healing sites. They were also found in cells of
the connective tissue of the periosteum and in the
endomysium of VA muscle (Figure 2B). Results for negative
immunolabeling of 5LO in 5LOKO mouse tissue are found in
Supplementary Figure 1.

Micro CT and Birefringence Analysis for
Bone Healing
The proportion of mineralized bone was measured in sites
of bone defect by Micro CT (Figures 2C–F). The effect of
age was observed in bone healing of all groups at 7 and 14

days post-surgery, with reduced BV/TV (%) in the site of
bone defects (Figures 2D,E). No significant differences were
found for genders and genotypes. Considering the quality and
quantity of the new collagen fibers in sites of bone healing,
aged female 5LOKO mice presented a significant increase in
red spectra fibers 7 days post-surgery compared to young
controls (Figures 3A,B). After 14 days post-injury, no significant
differences were detected in the comparison among both young
groups and aged groups at the same time point (Figures 3A,B).
Despite the difference pointed out at day 7 post-surgery in
relation to the red fibers, total collagenous content did not show
any significant differences among the groups in both time points
(Figure 3C).
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Histopathological Analysis for Bone
Healing
Our histopathological analyses showed that the bone injury site
had been filled with woven bone in young female WT mice
at day 7 post-surgery, characterized by a maturing process at
day 14 post-surgery with osteoclastic resorption of the primary

trabeculae and osteoblastic deposition of lamellar bone. In

contrast, the aged female WT showed an intense leukocyte

infiltration of granulation tissue in the bone defect area at

day 7 post-surgery and the presence of primary bone at day
14 post-surgery, predominantly located at the defect walls. The
effect of age was also observed in male WT mice. Young male
WT mice presented with a similar healing process compared
to the young female mice considering the same time points,
while in the aged male WT mice, the defect was almost closed
by maturing bone at day 14 post-surgery. In 5LOKO animals,
female young mice presented a similar healing pattern to their
male counterparts 7 days post-surgery, when the defect was filled
with primary trabecular bone, and at day 14 post-surgery, when
an advanced maturing process was observed by the presence of
mature lamellar bone, similarly to the WT genotype. We noted
that aged female 5LOKO mice healed the defect with a thin layer
of maturing bone filling the bone defect at day 14 post-surgery,
while in the aged 5LOKO male mice, it was mostly filled with
mature trabecular bone. Comparing the genotypes, we observed
major protective effects in aged female 5LOKO compared to
aged WT mice, since aged 5LOKO presented an improved bone
healing compared to aged WT females, with less inflammation at
day 7 post-surgery a more mature bone at day 14 post-surgery in
5LOKO females (Figure 4).

Histopathological and Histomorphometric
Analysis for Skeletal Muscle Healing
The effects of age were most detrimental regarding the
histopathological description of aged WT mice, compared to the
controls in both genders. At day 7 post-surgery, a key observation
in the site of muscle injury of young WT male mice was the
presence of loose connective tissue with eventual mononuclear
leukocytes, while aged male WT mice showed a mixture of
connective and adipose tissue infiltrated by neutrophils. The
same pattern was observed in the group of WT female animals,
except that at day 7 post-surgery, the young female mice
presented dense connective tissue at the site of muscle injury. In
the comparison of different genotypes, 5LOKO young animals,
both male and female, showed clear differences as compared
to WT mice especially at day 7 post-surgery, when muscle
cells with centralized myonuclei could be seen surrounded by
connective tissue. However, both male and female aged 5LOKO
mice exhibited an injury site filled by connective tissue. Only
at day 14 post-surgery, some muscle cells were observed in the
injury site in young male and female WT mice, while in the
aged mice the site of injury showed a disorganized connective
tissue with adipose cells and focal mononuclear and neutrophil
leukocytes infiltrate. Nonetheless, at the site of muscle injury in
5LOKO young males, numerous muscle fibers with centralized
myonuclei could be seen at day 14 post-surgery. The key
difference we found in the site of injury in the aged male 5LOKO
animals was that a higher amount of connective tissue could be

observed surrounding the muscle fibers. At this same period,
female 5LOKO young mice also showed some muscle fibers with
centralized myonuclei, but connective tissue was predominant.
Muscle fibers with centralized myonuclei were also seen in the
defect of 5LOKO aged female mice, but a loose connective
tissue highly infiltrated by neutrophils was noted surrounding
the muscle fibers (Figure 5A). Non-inflammed connective tissue
was also observed among muscle fibers in adjacent areas of the
injured sites of both WT and 5LOKO female and male aged mice
(Figure 5B).

From the histomorphometric analysis, the percentage of
muscle inflammation did not present significant differences at
day 7 post-surgery, but was significantly increased in all aged
animals at day 14 post-surgery, evidencing the detrimental effect
of aging in muscle healing of both genotypes and genders.
When comparing the 5LOKOmale and female groups with their
matched WT strains, it was detected that muscle inflammation
decreased in both male and female aged 5LOKO at day 14 post-
surgery. We also determined that aged female WT mice was the
only group that showed a significant decrease inmuscle fiber CSA
when compared to their youngWT group at day 14 post-surgery.
We also identified an increase in the number of centralized
myonuclei in aged 5KOLO female mice between day 7 and 14
post-surgery (Table 3).

Immunolabeling and Histomorphometric
Analysis of Muscle and Bone Markers of
Remodeling
Immunolabeling for both MuRF1 and MyoD was performed
at day 7 post-surgery and positive pixel quantification was
performed. MuRF1 was predominant in muscle nuclei
(Figure 6AA’). The effect of age in MuRF1 immunolabeling
(e.g., young male WT vs. aged male WT) was observed in
both studied strains and genders, with a significant decrease in
these markers for all aged animals (Figure 6B). No significant
differences were obtained for MuRF1 among the genotypes and
genders (Figure 6B). For MyoD, aged male and female WT mice
showed a decreased immunolabeling for MyoD when compared
to the matched gender young mice, but no effects of age were
observed in 5LOKOmice (Figure 6C). No significant differences
were found considering the effect of gender and genotype.

Dynamics of bone modeling/remodeling in bone-injured sites
were evaluated with anti-Runx-2 and anti-TRAP antibodies
(Figure 7A). Considering the effect of age for Runx-2, a
significant decreased in the area density of positive cells were
found in aged 5LOKO male mice compared to young controls.
Considering the effect of genotype, bothmale and female 5LOKO
young mice demonstrated an increase in the area density of
Runx-2+ cells compared to their matched WT controls at
day 7 post-surgery (Figure 7B). TRAP immunolabeling was
significantly increased in the bone damage sites of female aged
WT animals when compared to 5LOKO mice at day 14 post-
surgery (Figures 7A,C).

DISCUSSION

Aging and inflammation can negatively affect the MSK system
of male and females in a different manner and proportion (12,
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FIGURE 4 | Histopathological characterization of bone healing 7 and 14 days post-surgery: Male and female, young (3 months old), and aged (18 months old)

129/SvEv WT and 5LOKO mice underwent our surgical injury model, and bone specimens were evaluated at 7 and 14 days post-surgery. (A) Representative images

from young and aged animals (WT and 5LOKO) stained with H&E and Goldner’s Trichrome/Alcian Blue. Images were captured at 10× magnification. (B) H&E

representative images from aged animals at 14 days were captured at 100× magnification. Newly formed bone (NB), Osteoclast (blue arrows), Osteoblast

(arrowhead), Blood Vessel (BV).

64, 65). In our results for bone phenotyping, we found significant
differences in macroscopic features comparing genders, with
higher values (BW and/or RC length) for males compared to
females in both genotypes. We observed major detrimental aging
effects in female WT mice, with decreased in trabecular bone

parameters (BV/TV and Tb.N) in L5 vertebral body compared
to aged WT males.

Considering the genotype, aged 5LOKO mice also displayed
a higher size compared to aged WT, but additional studies
are necessary to observe the proportion of adipose tissue and
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FIGURE 5 | Histopathological analysis during muscle healing in young and aged WT and 5LOKO mice: Male and female, young (3 months old), and aged (18 months

old) 129/SvEv WT and 5LOKO mice underwent simultaneous surgical muscle and bone injury, and bone specimens were evaluated at days 7 and 14 post-surgery.

(A) Representative images from the central area of muscle injury. Blue arrowheads indicate centralized myonuclei in the region of damage. (B) Representative images

from the adjacent area of injury. Histological transversal sections were stained with H&E. Images were captured at 100× magnification. Green arrows indicate

connective tissue among muscle fibers.

muscles in mice lacking 5LOKO. A previous study has associated
the 5LO gene (also called Alox5) as a candidate gene for
obesity and low bone mass when 5LOKO (in the C57Bl/6
background) is subjected under long-term treatment with high

fat diet (containing 45% fat by kcal and 3.0g of AA). Briefly, in
this previous study, male and female 5LOKO mice under this
treatment presented decrease in Tb.N compared to WT (at final
age of 16 weeks, or ∼ 4 months) (66). In our comparisons by
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TABLE 3 | Histomorphometry of injured muscles in WT vs. 5LOKO mice.

Parameters Groups/

Periods

Y WT ♂ Y WT ♀ A WT ♂ A WT ♀ Y KO ♂ Y KO ♀ A KO ♂ A KO ♀

Muscle Inflam

(%)

7 days 16 ± 5a 14 ± 2a 14 ± 5a 15 ± 10a 11 ± 3a 13 ± 4a 16 ± 4a 14 ± 7a

14 days 14 ± 6a* 18 ± 9a* 43 ± 8b*# 38 ± 7b*# 10 ± 4a* 11 ± 5a* 25 ± 7b*# 22 ± 4b*#

CSA (µm2) 7 days 1,088 ± 661a 977 ± 474a 894 ± 515a 955 ± 424a 1,341 ± 715a 1021 ± 516a 994 ± 199a 751 ± 290a

14 days 1,298 ± 724a 1,127 ± 446a* 739 ± 94a 505 ± 101a* 1,451 ± 432a 1,361 ± 530a 869 ± 383a 741 ± 319a

Centralized

Myonuclei (%)

7 days 24 ± 18a 26 ± 20a 20 ± 11a 19 ± 10a 37 ± 13a 34 ± 8a 26 ± 4a 24 ± 10a

14 days 23 ± 16a 28 ± 17a 21 ± 18a 25 ± 11a 39 ± 17a 37 ± 14a 29 ± 15a 37 ± 12b

Results are presented as the means (±SD) for each parameter.

In the comparison between lines, different letters (a vs. b) indicate significant difference for time points (7 vs. 14 days post-surgery) of the same group in each evaluated parameter (p

< 0.05). In the comparison between columns, symbol * indicates comparison between columns: the effect of age (Y vs. A) in groups of same genotype and gender (e.g., Y ♀ WT vs.

A ♀ WT); symbol # indicates the effect of different genotypes (WT vs. KO) in groups of same age and gender (e.g., Y ♀ WT vs. Y ♀ KO). Statistically significant differences are indicated

between groups with equal symbols (p < 0.05). Y = 3 months; A = 18 months. No statistical significant differences were found between genders (♂ vs. ♀) in the comparison of the

same genotype and age (e.g., Y ♀ WT vs. Y ♂ WT).

microCT, we observed an increased bone quality in young and
aged 5LOKOmice, compared toWT controls. It is also important
to emphasize the differences in this particular methodology:
129Sv background, different ages (4 months for young and 18
months for aged mice) and a standard diet. In agreement, a
previous study using radiology and bone histomorphometry has
shown that both male and female 5LOKO mice, at 7 weeks
age, from either 129Sv or mixed C57Bl/6x129sv background,
have increased cortical bone compared with WT controls (36).
Our study suggested that 5LO knockout protects against age-
related bone loss in females, since the effect of aging on 5LOKO
females was attenuated and they presented an increased BV/TV
and Tb.N in femur and L5 compared to aged WT controls. It
is also important to emphasize the differences in this particular
methodology: different ages (4 months for young and 18 months
for aged mice) and a standard diet.

It has been demonstrated that females have higher 5LO
activity and/or higher LT production compared to males which
could impact other pathways of the eicosanoid system (46).
Using a unique customized approach of targeted lipidomics
in gastrocnemius muscles of young and aged C57Bl/6 mice,
a previous study has demonstrated lipid signaling is age- and
gender-dependent (12). Our results from targeted lipidomics in
gastrocnemius muscles demonstrate that the deletion of 5LO in
mice significantly impact the profiling and quantities of lipid
mediators in skeletal muscles of 5LOKO mice. In accordance,
the endogenous levels of AA, EPA, and DHA were significantly
decreased in aged female WT mice compared to aged female
5LOKO. Levels of 11,12-EET were significantly increased in
aged 5LOKO male mice compared to aged WT mice. Aged
male WT mice also presented a decrease in the levels of DHA
and EPA compared to aged KO mice. Also, levels of PGE2
were significantly increased in skeletal muscle of aged female
KO mice compared to aged male KO mice. Considering the
effect of gender, levels of PGE2 were significantly increased
while 11,12-EET was decreased in aged female KO mice, with
significant differences compared to aged male KO mice. It is
tempting to postulate that such combination of an elevation of
PGE2, which was demonstrated at nanomolar levels to enhance
myogenic differentiation of C2C12 mouse muscle cells and

increase ex vivo contractile force (3, 4), and the decreased levels
in 11,12-EET could combine in the female 5LOKO to promote
improved MSK healing. Although AA-derived lipid mediators
are known to play a major pro-inflammatory role, PGE2 can
have a dual role, modulating both pro- and anti-inflammatory
responses (67). Furthermore, PGE2 can accelerate myogenesis
differentiation (4) and induce osteogenesis (27, 30, 32). EPA
and DHA are involved in the lipid-mediator profile switching
during resolution of inflammation. In this context, EPA-derived
mediators have a low pro-inflammatory potential, whereas DHA
is a major source for the final anti-inflammatory products
D-series resolvins and protectins required for inflammation
resolution without fibrosis (68–70). EET acids, such as 11,12-
EET, are generated by the activity of cytochrome p450 (CYP)
enzymes on AA (71). 11,12-EET can play a modulatory role on
COX-2 activity and attenuate the synthesis of PGE2 during LPS-
induced inflammatory response in rat monocytes (72). Other
previous studies have shown that 11,12-EET can play anti-
inflammatory activities by inhibition TNFα-induced VCAM-1,
E-selectin, and ICAM-1 expression in endothelial cells (73). In
our results, aged 5LOKO females presented an increased amount
of PGE2 compared to aged WT females, and conversely, aged
5LOKO females presented a decreased amount of 11,12-EET.
An important consideration about the effects of LMs, myokines,
osteokines, and secreted factors from bone-muscle and tissues
in general is that we should apply accepted knowledge from
endocrinology to this growing and fertile field of investigation.

To investigate the role of 5LO in the process of simultaneous
bone and muscle healing, we developed a new surgical model of
MSK injury in 5LOKO animals. Despite the importance of in vivo
investigation for the comprehension of bone healing, previous
rodent models of bone and muscle damage focus their attention
exclusively on bone formation (14, 74), while the majority of
studies of the on MSK healing addresses skeletal muscle (23, 75)
or bone, but separately (24, 39). In our study, we performed
a moderated simultaneous bone and muscle surgical damage,
with a 1-mm diameter defect in muscle and a 0.5-mm diameter
defect in the subjacent bone (Figure 2A), in order to avoid
further surgical complications, such as femur fracture in aged
animals. Our primary goal was to mirror human conditions
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FIGURE 6 | Histomorphometric characterization and Immunolabeling of MuRF1 and MyoD in WT and 5LOKO mice: (A) Representative images for MuRF1

immunostaining and MyoD immunostaining (arrows) in male young SvEv WT mice at 7 days post-surgery. DAB was used for the antigen–antibody reaction. Muscle

samples were left without counterstaining to be used for optical density quantification. (A–A′) Positive Pixel quantification was performed by the software Aperio Image

Scope v/ 12.3.3 (Leica Biosystems, Buffalo Grove, USA). Images were analyzed with algorithm Positive Pixel Count version 9 and are expressed as Positivity (number

of positive pixels/number total). Negative controls (NC) were used for calibration and confirmation. (B,C) Results from positive pixel quantification for MuRF1 and

MyoD were presented as means ± SD for each marker. Different letters indicate significant differences between young (3 months old) and aged (18 months old) mice

for each sex and strain (p < 0.05).

of simultaneous tissue damage where recovery is feasible and
to avoid any type of major catastrophic failure. Our results
revealed a different pattern and timing in bone and muscle

healing in WT mice. Interestingly, the bone defects of young
male and female mice were completely filled with woven bone
by day 7 post-surgery, and maturing by day 14 post-surgery, as

Frontiers in Endocrinology | www.frontiersin.org 14 August 2020 | Volume 11 | Article 484108

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Biguetti et al. MSK Healing in 5LOKO Mice

FIGURE 7 | Histomorphometric characterization and Immunolabeling of Runx-2 and TRAP in WT and 5LOKO mice: (A) Representative images for Runx2

immunostaining and TRAP immunostaining (arrows) of male and female, young (3 months old), and aged (18 months old) 129/SvEv WT and 5LOKO mice.

Identification of antigen–antibody reaction was performed using DAB, counterstained with Mayer’s hematoxylin. (B,C) Pixels quantification of Runx2 (B) and TRAP (C)

was performed by the software Aperio Image Scope v/ 12.3.3 (Leica Biosystems, Buffalo Grove, USA). Images were analyzed with algorithm Positive Pixel Count

version 9 and are expressed as positivity (umber of positive pixels/number total). Negative controls were used for calibration and confirmation. Results were presented

as the mean and SD for each marker. Different letters indicate significant differences in between young (3 months old) and aged (18 months old) mice for each sex and

strain (p < 0.05); symbol * indicates significant differences between WT vs. 5LOKO at the same age.

previously demonstrated for bone healing in the tibia of mice,
but in a non-simultaneous muscle defect model (76). On the
contrary, muscle healing is clearly delayed in the same animals.
In the site of muscle injury of young male and female WT
mice there was still connective tissue with eventual mononuclear
leukocytes at 7 days post-surgery, with no significant changes
in area density of inflammatory infiltrate at 14 days post-
surgery. It is important to mention that bone has significant
capacity for remodeling/regeneration regarding bone lining cells
and/or osteoprogenitors lineages as stable cells, which are found
in quiescent stage in physiologic conditions, but can undergo
rapid proliferation in response to an injury (20). On the other
hand, muscle fibers rapidly undergo degeneration after extensive
damage (77, 78), and damagedmuscle cells can still be found after
6 days in mouse models of surgical injury (17). Simultaneously
and in response to the mediators released to the site of injury,
satellite cells can proliferate and differentiate in new myotubes
followed by upregulation of MyoD (7). This early process was
observed during the first 7 days in mouse models of muscle
injury (17, 78). MuRF1 was used in this study as a marker for
fiber degeneration as a consequence of the surgical injury, as
previously described (79), while MyoD was used as a marker
of new fibers. MyoD induces the expression of muscle-specific

genes in myoblasts and rapid cell proliferation in models of
crush-induced injury, but it may be undetectable in newly formed
myotubes (17, 18). We detected both MuRF1 and MyoD 7 days
post-injury. An intriguing possibility is that both the degradation
of muscle cells and the burst in satellite cell activity and myoblast
proliferation could lead to a surge of myokines near the bone
damage, which in turn helps bone to accelerate regeneration, and
it occurs with muscle flaps, the skeletal muscle functions to assist
in the faster recovery of bone tissue.

Other previous models of combined bone and muscle injury
have been done using models of volumetric muscle loss injury,
and they are more common rats. Usually combined bone and
muscle injury models in rodents involve volumetric muscle-
loss injuries, followed by endogenously healing osteotomy
(80) or severe open fractures (81–83) and non-endogenously
healing femur defects (84). Due to the nature of trauma and
embryologic origin of femur, bone fractures generally heal
throughout a cartilaginous callus formation, previous to woven
bone deposition (80), while in our mouse model the bone healing
was noted to be predominantly driven by intramembranous
healing. Together, these previous studies have also evidenced
impaired bone healing related with concomitant muscle trauma
and increased levels of inflammatory markers in sites of injury
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combined, compared to isolated injuries (80). When muscles
are severely traumatized, the sustained inflammation diminishes
mechanical bone strength and decreases mineralized matrix
in the site of injury (81). Interestingly, these previous studies
evaluated bone and muscle defects with or without combination,
to permit additional comparisons and better determine the role
of muscle in bone healing and vice versa. Comparatively, in our
study we only produced combined injuries for primary study due
the limited number of animals for studying 3 variables (two ages,
genders, and genotypes). Additionally, our model does not aim
to challenge bone and muscle healing with critical injuries, and
it is performed in a very controlled manner, in order to avoid
complications related to the surgical procedure. In this way, it
is possible to investigate the MKS healing in compromised and
fragile animals, such as aged mice.

Considering the advantages of our animal model, we decided
by developing this combined defects in mice, considering a
number of advantages and the cost–benefit related to mice
when comparing with other rodents, such as the possibility
to explore genetic approaches (e.g., 5LOKO mouse model
utilized in this study); the reduced size compared to rats,
which consequently reduces quantities of experimental drugs;
and reduced experimental periods (85). In the context of bone–
muscle crosstalk field, mouse is a suitable animal model for
pharmacological and genetic interventions. Also, while timing
of muscle and bone healing ranges from 4 to 12 weeks in
rats, this type of MSK injury in mice was evaluated along 14
days. Even including longer time points, it might not exceed 4
weeks due the accelerated mice metabolism compared to other
species. Comparing our model with preclinical orthopedic mice
models (e.g., closed and open fractures), our study provides a
surgical model that can be consistently reproduced with a rapid
and simple surgery, minimal timing consuming, improving the
animal recovery and avoid the risk of infections (86). On the
other hand, since it is a non-critical muscle and bone defect,
the present model does not challenge beyond physiological bone-
muscle healing mechanisms in non-compromised animals (e.g.,
young adult and/or health). This is a major advantage in the
context of normal aging.

During aging, the MSK system shows a decreased capacity
for healing, associated with increased levels of inflammation
(7, 11, 87). Our results revealed a significant impairment on
both bone and muscle healing in aged mice when compared
to the young controls. The fraction of newly formed (BV/TV,
%) bone analyzed by microCT was significantly decreased
in all aged mice, considering both genotypes and genders
(Figures 2C–F). Despite increased amount of thicker collagen
fibers in young 5LOKO females compared to aged controls, no
major differences were found in the collagen content of bone
matrix (Figure 3A). In skeletal muscles, a significant increase
in inflammatory infiltrated in the VL muscles was noted at
day 7 and 14 post-surgery (Table 3). CSA was also significantly
decreased in aged WT females compared to the young controls,
while aged 5LOKO females maintained the CSA compared to
young 5LOKO females (Table 3). Additionally, while MuRF1
immunolabeling was increased in male and female aged mice
(both genotypes), decreased immunolabeling for MyoD was

observed to the matched young groups (for WT genotype),
suggesting a reduced capacity for remodeling and regeneration
along aging (Figure 6). These observations confirm a detrimental
effect of aging in all groups, but with the attenuated effect of
the aging effect in 5LOKO mice, especially in histopathological
comparisons between aged WT vs. aged 5LOKO females.

After 7 days of surgical trauma, injured muscle, periosteum,
and bone of WT mice were assessed for 5LO expression
(Figure 2B). In support of 5LO roles on inflammation (25),
5LO positive cells were predominantly found in the leucocytes
infiltrating bone and muscle healing sites, but also were
found in the constitutive cells of connective tissue from the
periosteum. In agreement with our findings, a mouse model of
femur closed-fracture healing has demonstrated strong positive
immunolabeling of 5LO in bone marrow leukocytes, periosteum,
osteoclast, muscle interstitial cells, and chondrocytes until 7 days
post-injury (27). Given the limitations of immunohistochemistry
techniques, future molecular investigation is necessary to explore
5LO in injured and non-injured bone and muscle cells by
other approaches.

No previous studies have addressed the effects of 5LO or
its metabolites in combined MSK injuries. We next evaluated
the influence of 5LO on bone and muscle healing in different
ages and gender, by comparing WT vs. 5LOKO. Isolated
evaluation of bone injury using bone fracture healing models
have previously demonstrated that genetic deletion of 5LO in
mice (28) or its pharmacological inhibition (39, 40) accelerate
fracture callus formation in young male rodents. An important
finding in our studies was that young female and male 5LOKO
mice presented significantly increased Runx-2 expression in
comparison with matched WT animals at day 7 post-injury,
but with no significant differences in BV/TV of newly formed
bone. Additionally, genetic deletion of 5LO in females led
to attenuated inflammatory response after the simultaneous
injury. While an intense inflammatory response in the bone-
injury site of aged WT females 7 days post-injury with a
delay in healing (14 days) was clear, aged 5LOKO presented
less inflammatory infiltration and earlier mature bone (7 days)
(Figure 4). TRAP-positive osteoclasts were also increased in
aged females WT compared to 5LOKO at day 14 post-surgery
(Figure 7), in agreement with the role of LTs on osteoclast
formation in bone resorption and inflamed environments (34,
35). These results suggest that the 5LO signaling pathway may
play a negative role on bone healing. Furthermore, young
5LOKO mice displayed advanced healing in VL muscle defects
compared to WT mice, with centralized myonuclei surrounded
by connective tissue while highly inflamed muscles could be
seen in WT animals. Both male and female aged 5LOKO mice
exhibited an injury site filled by connective tissue, while aged
controls presented connective and adipose tissue (Figure 4).
Interestingly, the number of positive MyoD cells was already
decreased in young 5LOKO mice 7 days post-injury compared
to WT (Figure 6), but the 5LOKO presented a higher amount
of centralized myonuclei indicative of muscle regeneration by
day 14 post-surgery (Table 3). Furthermore, MyoD positive cells
were decreased in aged WT, compared to the young WT mice,
but not in aged 5LOKO mice compared to young 5LOKO mice
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FIGURE 8 | Graphical abstract of the new surgical protocol for MSK combined injury and methodologies performed to evaluate bone-muscle injury in mice. Other

possibilities are suggested to investigate signaling molecules involved in bone and muscle crosstalk during tissue regeneration. CM, centralized myonuclei; V, blood

vessels.

(Figure 6). Future studies could conduct longitudinal studies to
help further clarify the roles of 5LO in modulating the levels of
muscle regulatory proteins.

In summary, our results demonstrate that 5LOKO mice
present important differences in bone phenotyping and lipid
profiling and quantification in skeletal muscles. Notably, the
deletion of 5LO plays a protective role in bone of aged female
5LOKO mice and significantly impacts the capacity of MSK
healing during aging. It is important to emphasize that this
study presents some limitations, including detailed functional
approaches and molecular quantification of 5LO and its products
in both age and genders. However, our detailed lipidomic
analyses, along with the bone phenotyping, allowed us to we
hypothesize that changes found in skeletal muscle levels of
LMs (particularly the intriguing aforementioned combination
of elevation of PGE2 and reduction of 11,12-EET) in 5LOKO
may contribute to explain the improved MSK healing in these
mice. Reinforcing this hypothesis, aged 5LOKO females mice
presented increased amount of anti-inflammatory lipids (EPA
and DHA) in comparison to aged WT females. We propose that
future studies could investigate the levels of LMs in injured sites

as well as expand the investigation on the role of 5LO in the
MSK system, by using pharmacological and molecular-genetic
approaches. The new model of simultaneous bone-muscle injury
is pathophysiologically relevant for future studies in bone–
muscle crosstalk, as well as suitable to advance the understanding
of MSK healing during aging (Figure 8). We finally suggest the
5LO signaling pathway as a potential target for interventions
against post-menopausal osteoporosis.

CONCLUSION

This study described a suitable mice model of simultaneous
bone–muscle healing in order to contribute to the investigation
of future bone–muscle crosstalk studies (Figure 8), revealing
that simultaneous bone–muscle healing was influenced by aging,
gender, and the 5LO pathway. In general, 5LOKO aged female
mice presented improved healing capacity when compared to
their matched WT groups. Our lipidomic analyses elicited
intriguing possibilities for the roles of lipid signaling mediators
in skeletal aging and MSK healing. Our studies suggest that
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5LO plays a crucial role in both modulation and resolution of
inflammation during aging.
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Introduction: As a systemic skeletal dysfunction, osteoporosis (OP) is characterized by
low bone mass, impairment of bone microstructure, and a high global morbidity rate.
There is increasing evidence that microRNAs (miRNAs) are associated with the
pathogenesis of OP. Weighted gene co-expression network analysis (WGCNA) is a
systematic method for identifying clinically relevant genes involved in disease
pathogenesis. However, the study of the miRNA–messenger RNA (mRNA) regulatory
network in combination with WGCNA in OP is still lacking.

Methods: The GSE93883 and GSE7158 microarray datasets were downloaded from the
Gene Expression Omnibus (GEO) database. Differentially expressed miRNAs (DE-
miRNAs) and differentially expressed genes (DEGs) were analyzed with the limma
package. OP-related miRNAs from the most clinically relevant module were identified
by the WGCNA method. The overlap of DE-miRNAs and OP-related miRNAs was
identified as OP-related DE-miRNAs. Both upstream transcription factors and
downstream targets of OP-related DE-miRNAs were predicted by FunRich. An
intersection of predicted target genes and DEGs was confirmed as downstream target
genes of OP-related DE-miRNAs. With the use of clusterProfiler in R, Gene Ontology (GO)
annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
were performed on target genes. Finally, both the protein–protein interaction (PPI) network
and miRNA–mRNA network were constructed and analyzed.

Results: A total of 79 OP-related DE-miRNAs were obtained, most of which were
predicted to be regulated by specificity protein 1 (SP1). Subsequently, 197 downstream
target genes were screened out. The target genes were enriched in multiple pathways,
including signaling pathways closely related to the onset of OP, such as Ras, PI3K-Akt,
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and ErbB signaling pathways. Through the construction of the OP-related miRNA–mRNA
regulatory network, a hub network that may play a prominent role in the formation of OP
was documented.

Conclusion: By using WGCNA, we constructed a potential OP-related miRNA–mRNA
regulatory network, offering a novel perspective on miRNA regulatory mechanisms in OP.
Keywords: osteoporosis, miRNAs, WGCNA, bioinformatics analysis, miRNA–mRNA regulatory network
INTRODUCTION

As a systemic skeletal dysfunction, osteoporosis (OP) is
characterized by low bone mass and impairment of bone
microstructure, consequently compromising bone strength and
increasing fracture risk (1, 2). During the progression of OP,
patients often develop sarcopenia, which leads to frailty
syndrome (3). Moreover, OP has a high morbidity rate among
the global elderly, especially in postmenopausal women (1, 4).
Due to its silent nature, patients suffering from OP often feel no
symptoms until the first osteoporotic fracture occurs (1).
Annually, over 8.9 million fractures are caused by OP
worldwide, which means that an osteoporotic fracture happens
every 3 s (5). Among osteoporotic fractures, the spine, hip, distal
forearm, and proximal humerus fractures tend to be the most
frequent (6, 7). Elderly patients suffering from osteoporotic
fractures often require hospitalization, resulting in impaired
quality of life, long-lasting medical care, disability, and even
death (7, 8). This poses a high economic and social burden
worldwide (9) and is a global public health challenge. Hence, a
better understanding of the regulatory mechanisms of OP is of
great importance, which is conducive to developing novel and
effective therapies.

MicroRNAs (miRNAs), commonly 19–23 nt in length, are
small non-coding RNAs that are highly conserved and negatively
regulate gene expression by transcriptional inhibition through
binding to 3′-untranslated regions (3′ UTRs) of target messenger
RNAs (mRNAs) (10, 11). With the advances in research, ample
evidence indicates that miRNAs regulate a wide range of
processes, including proliferation, differentiation, apoptosis,
and development (12, 13). Consequently, miRNAs play a
crucial role in the pathogenesis of multiple conditions,
including inflammation, metabolic disorders, and cancers (12,
14). Studies indicate that miRNAs can maintain the equilibrium
of bone resorption and bone formation, a balance that is
disturbed in OP. MiR-214-3p derived from osteoclasts inhibits
bone formation both in vivo and in vitro by transferring to
osteoblast (15). It is confirmed that elevated miR-214 levels are
correlated with reduced bone formation in bone specimens from
eak bone mass; EGR1, early growth
, specificity protein 4; POU2F1, POU
EF2A, myocyte enhancer factor 2A;
factor I-C; ZFP161, zinc finger protein
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aged fractured patients, further demonstrating the inhibition of
osteoblast proliferation in vitro by modulating ATF4 (16). A
series of miRNAs were identified to regulate the osteogenic
process and bone-forming activity (14, 17, 18). Although the
effects of miRNAs on OP have been investigated through various
studies, their molecular mechanisms remain to be clarified.
Therefore, further in-depth studies of regulatory mechanisms
of miRNAs in OP are needed, which may provide a
comprehensive understanding of OP development. Meanwhile,
potential biomarkers may be identified for OP diagnosis
and treatment.

Recent developments in different algorithms and research
strategies have contributed to identifying potential mechanisms
of gene networks, enabling further understanding of many
diseases (19–21). Weighted gene co-expression network
analysis (WGCNA) is one of such tools and has been widely
applied to identify disease-related biomarkers, such as
inflammatory diseases, metabolic diseases, and cancers (22–
25). It is a systematical bioinformatics technique for clustering
biologically highly-relevant genes into modules, which also
defines correlations between modules and clinical traits (25).
These modules may contain critical genes that are valuable
biomarkers or therapeutic targets for predicting, diagnosing,
and treating a specific disease (21). This research conducted a
bioinformatics analysis using OP-related transcriptomic profiles
from the Gene Expression Omnibus (GEO) database. Key
modules of OP-related miRNAs were screened by the
WGCNA method. Subsequently, differentially expressed
miRNAs (DE-miRNAs) and differentially expressed genes
(DEGs) of OP were identified. Transcription factors (TFs) of
OP-related DE-miRNAs were specified. Moreover, functional
gene annotations were performed to investigate the relevant
mechanisms in OP. In order to clarify the miRNA–mRNA
regulatory mechanism in OP, we constructed a miRNA–
mRNA regulatory network, from which a key subnetwork
was identified.
MATERIALS AND METHODS

Microarray Data Collection
The study flowchart is shown in Figure 1. Data of miRNAs and
mRNAs were acquired from GSE93883 and GSE7158 datasets,
respectively. Both datasets were obtained from the GEO database
(http://www.ncbi.nlm.nih.gov/geo/). The GSE93883 dataset
contains 6 healthy control samples and 12 primary OP
samples, using the microarray platform GPL18058.
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The GSE7158 dataset involved 14 high peak bone mass (PBM)
and 12 low PBM participants (according to the hip Z-score),
using the microarray platform GPL570. The raw data of the
GSE93883 dataset were available in GFP format, while those of
the GSE7158 dataset were in CEL format.

Data Preprocessing, Differentially
Expressed MiRNAs, and Differentially
Expressed Genes Screening
The mRNA and miRNA expression matrix was obtained by using
Perl script (www.perl.org/). DE-miRNA analysis between OP and
normal samples and DEG analysis between low PBM and high
PBM samples were performed utilizing the limma (Linear Models
for Microarray Data) algorithm. The DEGs meet the criterion |
logFC| > 2 and p-value <0.05, while the DE-miRNAs meet the
criterion |logFC| > 2 and adjusted p-value <0.05.

Identification of Osteoporosis-Related
MiRNAs by Weighted Gene Co-Expression
Network Analysis
A weighted gene co-expressed network of miRNAs using the
“WGCNA” package in R generates a scale-free weighted gene co-
expressed network (26). Co-expressed genes and modules related
to clinical traits were identified. A thresholding power b value of
13 was determined for the clustering of data to detect outliers and
produce a scale-free network. Subsequently, a hierarchical
clustering tree was used to identify gene modules, and the
Frontiers in Endocrinology | www.frontiersin.org 3117
average-linkage hierarchical clustering using topological
overlap matrix-based dissimilarity measure was used to detect
gene modules (27). MEDissThres was set to 0.25 to automatically
combine similar modules. The correlation between modules and
clinical traits was confirmed using Pearson’s correlation
coefficient. Finally, OP-related DE-miRNAs were obtained by
overlapping the DE-miRNAs and miRNAs of the most OP-
related module.

Screening for Upstream Transcription
Factors
The current study screened potential transcription factors of OP-
related DE-miRNAs by using FunRich (version 3.1.3) software
(http://www.funrich.org), enabling the identification of enriched
transcription factors depending on the gene set (28).

Potential Downstream Target Genes
In this study, putative targets genes of OP-related DE-miRNAs
were predicted by FunRich. Next, an overlap of predicted target
genes and DEGs from the GSE7158 dataset was taken,
identifying the potential targets of OP-related DE-miRNAs.

Gene Ontology and Pathways Analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis were performed via the
“clusterProfiler” package in R to determine the biological function
of potential downstream target genes of OP-related DE-miRNAs.
A p-value <0.05 was considered statistically significant.
FIGURE 1 | Workflow of research routine to construct the miRNA–mRNA regulatory network in OP. miRNA, microRNA; mRNA, messenger RNA; OP, osteoporosis;
DE-miRNAs, differentially expressed miRNAs; DEGs, differentially expressed genes.
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Construction of Protein–Protein
Interaction Network
The protein–protein interaction (PPI) pairs between potential
downstream target mRNAs of OP-related DE-miRNAs were
identified via the String (Search Tool for Retrieval of
Interacting Genes; http://string-ab.org/) database, applying
high confidence >0.700. Furthermore, the disconnected
mRNAs were removed from the PPI network.

Construction and Analysis of MiRNA–
mRNA Network
The interactions between OP-related DE-miRNAs and mRNAs
from the PPI network were obtained. An OP-related miRNA–
mRNA network was then constructed by using Cytoscape v3.7.1. A
subnetwork was screened by the MCODE algorithm, which was
considered the hub miRNA–mRNA regulatory network of OP.
RESULTS

Identification of Significant Osteoporosis-
Related Gene Module
OP samples of miRNAs from the GSE93883 dataset were used
for weight gene co-expression network construction, and the
pickSoftThreshold function in the WGCNA package was used to
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determine the value of soft thresholding power b. In the present
study, a b value of 13 combined with scale independence reached
0.9, and a high level of mean connectivity was observed
(Figure 2A). The turquoise module (183 miRNAs) was one of
the five clustered co-expressed gene modules and was the most
relevant to OP (R = −0.95, p-value ≪ 0.05, Figures 2B, C).
Furthermore, a strong correlation was detected between the
turquoise module and its miRNAs (R = 0.92, p-value ≪
0.05, Figure 2D).

Screening of Differentially Expressed
MiRNAs, Differentially Expressed Genes,
and Osteoporosis-Related Differentially
Expressed MiRNAs
DE-miRNAs in the GSE93883 dataset and DEGs in the GSE7158
dataset were screened via the “limma” package in R. The
screening results revealed 83 DE-miRNAs, of which 33 were
upregulated and 50 were downregulated, meeting the |logFC| > 2
and adjusted p-value <0.05 criterion (Figures 3A, B). As a result,
1,097 DEGs in the GSE7158 dataset were screened, fitting the |
logFC| > 2, and p-value <0.05 criteria. Among the DEGs, 623
were upregulated and 474 were downregulated (Figures 3C, D).
Subsequently, 79 OP-related DE-miRNAs were obtained by
overlapping DE-miRNAs and miRNAs in the turquoise
module (Figure 3E).
A B

DC

FIGURE 2 | Identifying significant gene modules associated with OP. (A) b = 13 was selected to establish a scale-free network in the GSE93883 dataset. (B) Gene
clustering based on topological dissimilarity and module colors in GSE93883 dataset. (C) Correspondence between gene modules with osteoporosis participants or
normal ones among the GSE93883 dataset. (D) The correlation between gene significance and module membership in the GSE93883 dataset was plotted. OP,
osteoporosis.
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Upstream Transcription Factors for
Osteoporosis-Related Differentially
Expressed MiRNAs
Furthermore, the upstream transcription factors for OP-
related DE-miRNAs were predicted by FunRich (Figure 4).
The most significant transcription factors were EGR1, SP1,
SP4, POU2F1, MEF2A, NKX6-1, NFIC, ZFP161, RREB1,
and RORA.
Frontiers in Endocrinology | www.frontiersin.org 5119
Putative Downstream Targets of
Osteoporosis-Related Differentially
Expressed MiRNAs
A total of 4,032 genes targeted by OP-related DE-miRNAs were
identified by FunRich (Figure 3F). In order to refine the results,
an intersection (197 genes, Figure 3F) of the predicted target
genes and DEGs was obtained, identifying the potential
downstream target genes of OP-related DE-miRNAs.
A B

D

E F

C

FIGURE 3 | Screening of DE-miRNAs, DEGs, and OP-related DE-miRNAs. (A) Heatmap of miRNA expression in GSE93883 dataset. (B) GSE93883 miRNA
expression volcano plot. (C) Gene expression heatmap of GSE7158 dataset. (D) GSE7158 gene expression volcano plot. Black color indicates non-significant
genes, while red/green color represents upregulated/downregulated DE-miRNAs or DEGs. (E) Venn diagram of DE-miRNAs and miRNAs closely related to OP in the
turquoise module. (F) Venn diagram of predicted targets of OP-related DE-miRNAs and DEGs of GSE7158 dataset. The number of miRNAs or genes in each group
is displayed in Venn diagrams. N, normal group; T, osteoporosis group; OP, osteoporosis; miRNA, microRNA; mRNA, messenger RNA; DE-miRNAs, differentially
expressed miRNAs; DEGs, differentially expressed genes.
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Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes Enrichment
Then, using clusterProfiler in R, GO functional and KEGG
enrichment analyses were performed on the downstream target
genes to further understand their biological functions. As
represented in Figure 5, biological process (BP) was
significantly enriched in positive regulation of I-kappaB kinase/
NF-kB signaling, positive regulation of protein localization to the
plasma membrane, and postsynaptic signal transduction; cellular
Frontiers in Endocrinology | www.frontiersin.org 6120
component (CC) was particularly enriched in glutamatergic
synapse, cell leading edge, and fibrillar center; molecular
function (MF) was mainly enriched in protein phosphatase
binding, phosphatase binding, and phosphotyrosine
residue binding.

Furthermore, the KEGG pathway analysis of the 197
downstream target genes is shown in Figure 6. Among all the
pathways enriched, the top 10 most significant pathways were as
follows: proteoglycans in cancer, miRNAs in cancer, ubiquitin-
FIGURE 4 | Upstream transcription factors for OP-related DE-miRNAs. OP, osteoporosis; DE-miRNAs, differentially expressed miRNAs.
FIGURE 5 | GO functional enrichment of downstream targets of OP-related DE-miRNAs. The x-axis shows enriched gene numbers and the color represents
significance. GO terms are shown on the y-axis. p < 0.05. OP, osteoporosis; DE-miRNAs, differentially expressed miRNAs; DEGs, differentially expressed genes; GO,
Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular component; MF, molecular function.
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mediated proteolysis, regulation of actin cytoskeleton, Ras
signaling pathway, human papillomavirus infection, PI3K-Akt
signaling pathway, cellular senescence, ErbB signaling pathway,
and insulin resistance (Figure 6). Notably, Ras, PI3K-Akt, and
ErbB signaling pathway were closely related to the onset of OP.

Protein–Protein Interaction and MiRNA–
mRNA Network
The PPI network of downstream targets of OP-related DE-
miRNAs was constructed by the STRING online database with
a high confidence >0.700 applied (Figure 7A). The disconnected
nodes (genes) were removed from the PPI network (Figure 7B).
The interactions between OP-related DE-miRNAs and genes
from Figure 7B were obtained. A miRNA–mRNA network was
then constructed by using Cytoscape (Figure 8A), from which
the hub miRNA–mRNA regulatory network of OP was identified
Frontiers in Endocrinology | www.frontiersin.org 7121
by the MCODE algorithm (Figure 8B), comprising three
downregulated miRNAs (has-miR-25-3p, has-miR-92a-3p, and
hsa-miR-92b-3p) and two upregulated mRNAs (FASLG
and TSC1).
DISCUSSION

Over the past decade, a growing number of studies have focused
on OP diagnosis and treatment (29). Patients suffering from OP
usually receive treatment based on a lifestyle approach and a
precise assessment of the risk of fracture (30–32). Moreover,
patients at high risk were treated with pharmacological
approaches including bisphosphonates, teriparatide, denosumab,
and recently anti-sclerostin antibodies (33). However, concerns
about rare side effects of pharmacological treatment, particularly
FIGURE 6 | KEGG pathway enrichment for downstream target genes of OP-related DE-miRNAs. The enriched gene ratio is shown on the x-axis, color represents
significance, and the pathway terms are displayed on the y-axis. p < 0.05. OP, osteoporosis; DE-miRNAs, differentially expressed miRNAs; KEGG, Kyoto
Encyclopedia of Genes and Genomes.
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bisphosphonates, and the absence of clear evidence in support of
their long-term efficacy are leading many patients who could
benefit from drug therapy to not take these drugs (29), indicating a
limited understanding of OP pathogenesis. Therefore, a better
understanding of the regulatory mechanism of OP is required to
develop new treatments or improve existing therapies for OP.
Advances in bioinformatics have facilitated the identification of
genetic changes in disease development. The current study
detected five modules in GSE93883 data, with the turquoise
module being the most correlated with OP. Comparing the DE-
miRNAs with miRNAs in the turquoise module (Figure 3E), 79
shared miRNAs were identified for further analysis.

In recent years, a growing number of miRNAs have been
reported to be involved in diverse biogenesis pathways by
mediating gene silencing (11). To better understand the
functions of 79 OP-related DE-miRNAs, their downstream
target genes were predicted by FunRich. Furthermore, by
comparing the predicted genes to DEGs in the GSE7158
dataset, 197 shared genes were screened as downstream targets
of OP-related DE-miRNAs (Figure 3F). These 197 genes were
Frontiers in Endocrinology | www.frontiersin.org 8122
enriched in a range of functions and pathways based on the GO
and KEGG analyses. Evidence suggests that these GO terms and
pathways are important in OP. For example, in a high-content
imaging-based in vivo chemical screen, NF-kB signaling was
identified as a cell-autonomous inhibitor of osteoblast
differentiation (34). Ras is a crucial regulator of normal bone
growth and development (35). During intramembranous
osteogenesis induced by tensile force, Ras was proven to
promote chemotaxis of chemotaxis in preosteoblasts both in
vivo and in vitro (36). Fisher et al. (37) identified the requirement
for ErbB signaling to maintain osteoblast proliferation involved
in the timely progression of periosteal osteoblast differentiation.
Evidence showed that apoptosis of osteoblasts in OP mice
induced by ovariectomy was induced by blockade of the PI3K/
AKT signaling (38), while activation of PI3K/AKT signaling
pathway facilitated Runx2 and osterix expression in osteoblast
(39). In combination with the above evidence, the 197 genes may
be involved in the pathogenesis of OP.

Transcription factors can modulate miRNA expression (40).
Therefore, transcription factor prediction was performed using
A B

FIGURE 8 | OP-relevant miRNA–mRNA regulatory network. Ellipse represents target genes of miRNAs; triangle represents miRNAs. Red dots represent miRNAs or
targets that are upregulated, while green dots represent those that are downregulated. (A) MiRNA–mRNA regulatory network of OP. (B) A subnetwork identified by
the MCODE algorithm in Cytoscape. OP, osteoporosis; miRNA, microRNA; mRNA, messenger RNA.
A B

FIGURE 7 | PPI network of downstream targets of OP-related DE-miRNAs. miRNA, microRNA; PPI, protein–protein interaction; OP, osteoporosis; DE-miRNAs,
differentially expressed miRNAs.
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FunRich to identify potential transcription factors regulating the
OP-related DE-miRNAs. As a result, specificity protein 1 (SP1)
accounted for the highest percentage of OP-related DE-miRNAs.
The C2H2-type zinc-finger transcription factor SP1 has been
extensively documented in OP and regulates cell growth,
differentiation, apoptosis, and others (41). There is a close
relationship between SP1 binding site polymorphism at
COL1A1 gene and OP risk among men and women (42). SP1
can also stimulate specific miRNA to inhibit osteogenesis via
modulating the LRP5/Wnt/b-catenin pathway (43).

The potential regulatory mechanisms of OP were explored by
constructing the miRNA–mRNA network of OP, providing further
insight into OP. A hub miRNA–mRNA regulatory network,
comprising three downregulated miRNAs (has-miR-25-3p, has-
miR-92a-3p, and hsa-miR-92b-3p) and two upregulated mRNAs
(FASLG and TSC1), was identified. MiR-25-3p can promote
osteoclast activity and could be a powerful target for handling
skeletal disorders characterized by reduced bone formation (44).
TSC1 is a key regulator of mTORC1, and in a RANKL-induced OP
mouse model, deletion of Tsc1 in osteoclast lineage cells prevented
bone resorption (45). Younes et al. (46) identified FASLG as one of
the genetic risk factors that contributed to low bone density in the
Qatari population, based on the whole genomes sequenced from
3,000 individuals from the Qatar Biobank. There was no direct
evidence that miR-92a-3p and miR-92b-3p were correlated to OP.
However, studies have shown that they contributed to different
diseases involving different pathways (47–50). Indeed, we provided
a reference for OP therapeutic targets, especially those in the hub
network. We believe that it may promote the development of new
treatments to some extent.

A potential OP-related miRNA–mRNA regulatory network
was identified by analyzing microarray profile data and taking
clinical traits into consideration using the WGCNA algorithm,
providing new insight into OP in terms of biological functions
and potential pathophysiological mechanisms. However, the
present study has several limitations. The sample size of each
GEO dataset in our study was relatively small, and the OP-
related miRNA–mRNA interactions were only predicted by
public databases, which need further validation through in vivo
and in vitro experiments. Moreover, most proposed pathways
(RAS and ERB) are also involved in tumorigenesis, and evidence
is only from in vitro studies, which limits the results of the
Frontiers in Endocrinology | www.frontiersin.org 9123
present study and the possibility of an intervention. Finally, our
study was limited to primary OP.
CONCLUSION

Overall, we established a potential OP-related miRNA–mRNA
regulatory network via the WGCNA method, offering a novel
insight into the regulatory mechanisms of miRNAs in the
development of OP. Several key miRNAs and mRNAs,
including has-miR-25-3p, has-miR-92a-3p, hsa-miR-92b-3p,
FASLG, and TSC1, were identified from the network and may
act as key biomarkers or clinical targets for OP. We sincerely
hope that our efforts could contribute to future in-depth
investigations into OP.
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Introduction: In postmenopausal women, vitamin D deficiency (as defined by the
circulating level of 25(OH)D being below 20 ng/ml (50 nmol/L)) is a regular occurrence.
The effect of vitamin D supplementation on the muscle function of postmenopausal
women has been controversial. This systematic review and meta-analysis of randomized
controlled trials (RCTs) examines and summarizes the effects of vitamin D
supplementation on the muscular strength and mobility of postmenopausal women.

Methods: RCTs that met the inclusion criteria for this study were identified by searching
PubMed, EMBASE, and the Cochrane Library. Postmenopausal women who were
included in the study were exposed to RCTs assessing the effectiveness of vitamin D
supplements. Meta-analysis data were extracted by two independent reviewers and
screened for methodological quality. RCTs that did not meet the minimum requirement for
assessment were excluded. In the meta-analysis, the effect size (weighted mean
differences, WMD) of handgrip strength (HGS) and timed-up and go test (TUG) with a
95% confidence interval (CI) was obtained to compare reported results across the
included RCTs.

Results: A total of 19 trials were included in this systematic review, among which 13 trials
were eligible for the meta-analysis. In the 13 included studies, supplementing with vitamin
D produced a weighted mean difference of 0.876 kg (95% CI = 0.180 to 1.571, P = 0.014,
I2 = 68.5%) for HGS, a measurement of muscle strength. However, an insignificant
decrease of 0.044 s was observed after analyzing the TUG (95%CI = -0.979 to 0.892, P =
0.927, I2 = 95%). According to subgroup analysis, vitamin D supplementation increased
HGS in patients over the age of 60 (P = 0.001), in those without calcium supplementation
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(P = 0.032), and in those whose baseline vitamin D level was greater than 75 nmol/L
(30 ng/ml) (P = 0.003).

Conclusions: Taking into account the studies in this systematic review, vitamin D
supplementation improved muscle strength in postmenopausal women. However, an
insignificant result was demonstrated in terms of mobility after vitamin D supplementation.
Keywords: vitamin D, postmenopausal women, handgrip strength, muscle strength, mobility
INTRODUCTION

Postmenopausal women often have osteopenia and osteoporosis,
mainly due to advanced age and lack of hormones, and this may
cause a high incidence of falls and fractures (1–6). Several recent
studies have suggested that muscle mass and bone mineral density
(BMD) are linked among postmenopausal women (1–6).
Furthermore, the loss of muscular mass and strength seen in
postmenopausal women is the most basic symptom of sarcopenia,
which is unanimously recognized by the academic consensus of
experts from various continents (7–10).

Sarcopenia is caused by nutritional deficiencies, a sedentary
lifestyle, decreased protein synthesis and regeneration,
inflammation, hormonal and cytokine imbalances, and other
factors (10, 11). Among these risk factors, vitamin D deficiency
not only receives much attention in the academic medical
community but also gradually gains higher awareness in
diverse healthcare settings (12, 13).

Vitamin D deficiency is a common health problem
among middle-aged people worldwide; it is estimated that
more than 1 billion people are vitamin D deficient (6, 14–16).
Epidemiological studies and investigations in various countries
have revealed that vitamin D deficiency (serum 25(OH)D: less
than 50 nmol/L) is common in postmenopausal women (14, 17,
18). Among them, 50.6% of Chinese postmenopausal women are
vitamin D-insufficient, while 31.2% are vitamin D-deficient (19).
According to compelling data, serum 25(OH)D levels are
strongly linked to musculoskeletal function and muscular
strength (20–23). Furthermore, multiple in vivo and in vitro
experiments have indicated physiological and histological
alterations associated with severe vitamin D deprivation,
indicating that vitamin D supplementation has a favorable
influence on musculoskeletal health. In detail, vitamin D
supplementation is recommended by the Committee
Recommendations for people at risk for vitamin D deficiency.
They recommended that females who are over 51 years old need
1,500–2,000 IU, but less than 10,000 IU, of daily vitamin D intake
(24). Additionally, the vitamin D receptor (VDR) has been
identified in skeletal muscle tissue, muscle satellite cells, and
myoblasts, which supports the idea that vitamin D might directly
affect muscle tissue (25, 26).

International academic consensus emphasizes the importance
of vitamin D supplementation or treatment for sarcopenia.
Likewise, the impact of vitamin D on muscular function in
various populations, namely, adults (27), older people (28–30),
athletes (31–33), and patients with chronic diseases (34, 35)
n.org 2127
has been reported in systematic reviews and meta-analysis.
There is, however, a lack of consistency in the results
concerning the effect of vitamin D on muscle function in
postmenopausal women based on several interventional studies.
Vitamin D supplementation, alone or in conjunction with calcium
supplements, has been shown in certain studies to enhance
muscular strength and reduce the incidence of falls and fractures
(36–39). However, several recent randomized controlled trials
(RCT) on postmenopausal women with inadequate or deficient
vitamin D levels found that vitamin D supplementation had no
active effect on muscular strength or the number of falls (40, 41).
As a result, there is still a pressing need for studies and academic
consensus on postmenopausal women who are at high risk of
vitamin D deficiency (7–9).

In this study, the data from the handgrip strength (HGS) and
timed up and go test (TUG) are used to calculate the muscle
function index, which is used to assess muscular strength and
mobility, which are protracted indicators of fracture, osteoporosis,
and sarcopenia in postmenopausal women. We conducted a
meta-analysis on the efficacy of vitamin D supplementation on
muscular strength and mobility in postmenopausal women based
on a systematic evaluation of data from the chosen RCTs
stated above.
METHODS

The current study was carried out in compliance with PRISMA
(Preferred Reporting Items of Systematic Reviews and Meta-
Analysis) recommendations (42).

Literature Search
Two independent authors (J-LZ andW-XL) systematically searched
PubMed, Embase, and the Cochrane Database from inception dates
to January 2021 for randomized controlled trials that investigated
the association between vitamin D supplementation and muscle
atrophy using a predefined search algorithm using the following
search algorithm: “((“muscular atroph*” OR “muscle atroph*” OR
“Atroph* Muscular” OR “Atroph* Muscle” OR “sarcopenia*” OR
“muscle strength” OR “mobility” OR “handgrip” OR “hand
strength” OR “muscle function” OR “myatrophy” OR
“myophag i sm” OR “phys ica l per formance” ) AND
(“postmenopausal women” OR “postmenopausal” OR
“postmenopause” OR “PMP”)) AND (“vitamin d” OR “vitamin
d” OR “25 hydroxyvitamin d” OR “vitamin d 2” OR “vitamin d 3”
OR “calciferol*” OR “ergocalciferol*” OR “eldecalcitol*” OR
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“cholecalciferol*” OR “alphacalcidol*” OR “calcitriol*” OR
“calcidiol*” OR “calcifediol*” OR “calciferol*” OR
“dihydroxycholecalciferol”)”.

Inclusion and Exclusion Criteria
After screening of titles and abstracts, duplicate studies and those
clearly irrelevant were removed. The remaining full-texts of the
papers were then retrieved to see if they matched the inclusion
criteria for the current meta-analysis. The following are the
inclusion criteria: 1) It had to be a human RCT with a cross-
over or parallel design, 2) its study population had to be
postmenopausal women, and 3) mean difference and standard
deviations (SDs), standard error of the mean (SEMs), or 95%
confidence intervals (CIs) were provided for the outcomes under
consideration. The exclusion criteria are as follows: 1) in vivo
animal studies, in vitro cell research, case reports, and
observational studies ; 2) any studies conducted in
postmenopausal women with other diseases (such as type 2
diabetes, hypertension, trauma, etc.); 3) any studies
investigating the effect of vitamin D supplementation
combined with other interventions, such as nutrients like
amino acid and protein supplements, physical exercise, other
medication administration records like insulin, hormone
therapy, and etidronate, etc.; 4) studies to be reported in other
languages other than English; 5) RCTs that did not fulfill the
minimal threshold for methodological quality evaluation.

Data Extraction
The following data were extracted by two independent investigators
(J-LZ and W-XL) from each included study: the first author,
publication year; sample size (shown as: supplementation/
control); age; supplementation; comparator; supplementation
duration; presented data. Subgroup analysis was done on the basis
of these pre-extracted data. Disagreements were resolved by
consensus. Endnote X9 (Clarivate Analytics, Philadelphia, PA,
USA) was used to undertake the extraction procedures.

Assessment of the Quality of
Included Literature
To estimate the quality of literature, the Jadad scale was used
(43). This scale includes the following items: randomization,
randomization scheme, double-blinding, double-blinding
method, and dropouts and withdrawals in the supplementation
and control groups. Each item would get a score from 0 to 1. In
terms of quality, studies with scores of 0–2 are considered
inferior, and those with scores of 3–5 are considered high
quality (Table 1).

Data Analysis
The effect sizes were expressed as weighted mean differences
(WMDs), and the DerSimonian–Laird approach was used to
calculate the 95% confidence interval (CI) from the random
effects model. For each clinical study, WMDs were used to
examine the effects of vitamin D supplementation on muscle
outcomes such as HGS and TUG. The pooled effect sizes for
each outcome were estimated using the altered value
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technique. We also used Cochrane’s Q test and I-square (I2)
to assess any existing heterogeneity among the included RCTs.
I2 greater than 50% with P <0.05 was applied to define
heterogeneity (57). Furthermore, using the available
moderator factors, sensitivity and subgroup analyses were
performed to determine the impacts of each research paper
on the pooled WMDs and to investigate the source of
heterogeneity. Statistical analyses were carried out with
STATA software version 15.0 (Stata Corp., College Station,
TX) and Review Manager 5 .4 sof tware (Cochrane
Collaboration, Oxford, UK).

RESULTS

The Description of the Selected RCTs
The first searches yielded a total of 172 potentially suitable
documents, with 41 items being eliminated owing to the
duplication. The titles and abstracts of the remaining 131
records were screened for inclusion. Then the full texts of 78
records were further estimated, and 19 met the inclusion
criteria (36–41, 44–56), of which 13 of those 19 were
suitable for meta-analysis. Figure 1 shows a flowchart of the
selection of RCT trials. The main characteristics of the RCTs
are summarized in Table 1.

The year of publication of the 19 RCT trials included in this
review was between 2003 and 2021, with 5,398 participants. The
sample size of the RCTs included in multiple countries ranges
from 20 (46, 52) to 2,347 (40). Furthermore, the duration of
supplementation ranged from 3 (37, 38, 44, 45, 47, 53, 54) to 60
(40) months.

Different analogs of vitamin D2 (53, 54, 56) or vitamin D3

(36, 40, 41, 44–50, 52, 55), such as calcitriol (37, 48), alfacalcidol
(38, 39, 51), and calcifediol (52), were used with different
dosages in the RCT trials. In detail, vitamin D3 was applied
in 12 of the 19 retrieved trials, whose dosages ranged from 400
IU/day (40, 41) to 300,000 IU in a single oral dose (44). Vitamin
D2 was applied in 3 trials of the 19 selected studies at dosages
ranging from 1,000 IU/day (56) to 100,000 IU/week (53), and
calcitriol, alfacalcidol, and calcifediol were used in 6 trials of the
19 trials.

Study Outcomes
In separate experiments, different approaches for measuring
muscle function were used. Twelve (36–41, 45, 47, 49, 53,
48, 54) trials used HGS as a parameter indicating muscle
strength. Other measurement methods included back
extensor strength (51), low limb muscle strength (56), and leg
extensor strength (55). The TUG was used to measure the
mobility of subjects in 11 trials (38, 39, 41, 45–47, 49, 50, 53, 55,
56), while the timed walk (40), gait speed (52), walking test (39),
etc., were used as the indicator of mobility in the remaining
8 trials.

The authors of 12 studies concluded that vitamin D
supplementation with or without calcium played no significant
role in the muscle strength and/or mobility of subjects, while 7
studies drew the opposite conclusion.
June 2022 | Volume 13 | Article 863448

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhang et al. Vitamin D Supplementation Improves Handgrip Strength
Meta-Analysis
It was challenging to extract and analyze the data uniformly and
compare the results since the data on muscular strength and
mobility presented in the trials were acquired using a range of
assessment methodologies. Additionally, HGS and TUG were the
results of the more uniform and published data included in the
studies, so we chose HGS as an index to measure the muscle
strength of subjects (the best performance of HGS was obtained
after three repeated measurements of the standing participants,
holding the assessment for at least 5 s during the test with an
Frontiers in Endocrinology | www.frontiersin.org 4129
interval of 30 s between each evaluation), and TUG as the indicator
of the mobility measurement for this present meta-analysis.

Handgrip Strength
The meta-analysis of HGS included 9 trials (36–41, 48, 49, 54)
with 1,997 participants supplemented with vitamin D and 2,232
participants as the control group (vitamin D in low dosage or
placebo). Vitamin D supplementation resulted in considerable
improvements in HGS (WMD: 0.876 kg, 95% CI = 0.180 to
1.571, P = 0.014), according to the analysis and finding over the
TABLE 1 | Characteristics of included studies.

First author, year Sample size
(supplementation/

control)

Age
(years)

Supplementation Comparator Supplementation
duration

Presented data Jadadscore

Apaydin, 2018
(44)

28/32 50–68 300,000 IU D3/single
oral dose

800 IU D3/
day

3 months Knee extension; knee flexion 1

Bischoff, 2003
(45)

62/60 63–99 800 IU D3/day None 3 months HGS; TUG; knee flexion; knee extension 5

Bischoff-Ferrari,
2012 (46)

10/10 50–70 20 mg HyD/day;
140 mg HyD/week

800IU(D3)/
per day;
5600IU(D3)/
per week

4 months TUG; knee flexion; knee extension;
repeated sit-to-stand test;

4

Bislev, 2018 (47) 40/41 60–80 2,800 IU D3/day Placebo 3 months HGS; TUG; elbow and knee extension
flexion; chair raising test

4

Brunner, 2008
(40)

1,185/1,162 50–79 400 IU D3/day Placebo 60 months HGS; chair stand test; time walk 4

Cangussu, 2015
(36)

80/80 50–65 1,000 IU D3/day Placebo 9 months HGS; chair rising test 5

Cheng, 2018 (37) 75/66 58.2 ±
8.1

0.5 mg calcitriol/day Placebo 3 months HGS 5

Gao, 2015 (48) 101/109/251 63.44 ±
5.04

800 IU D3/day;
0.25 mg calcitriol/day

None 24 months HGS; chair rising test 1

Glendennig,
2012 (49)

353/333 >70 150,000 IU D3/3
months

Placebo 9 months HGS; TUG 4

Hansen, 2015
(50)

73/74/73 >60 800 IU D3/day;
50,000 IU D3/2
months

Placebo 12 months TUG; five sit-to-stand test 5

Hara,
2013 (51)

50/44 55–75 1 mg alfacalcidol/day Placebo 4 months Back extensor strength 3

Janssen,
2010 (41)

36/34 >65 400 IU D3/day Placebo 6 months HGS; TUG; knee extension strength; leg
extension power

5

Meyer,
2015 (52)

10/10 50–70 20 mg calcifediol/day 800 IU D3/
day

4 months Gait speed; trunk sway 5

Mueangpaisarn,
2020 (53)

44/41 ≥60 100,000 IU D2/week 40,000 IU
D2/week

3 months HGS; TUG 4

Setiati,
2018 (38)

46/42 ≥60 0.5 mg alphacalcidol/
day

Placebo 3 months HGS; TUG 5

Suebthawinkul,
2018 (54)

44/44 45–60 40,000 IU D2/week Placebo 3 months HGS; BIA; muscle cross-section area 5

Uusi-Rasi,
2015 (55)

88/96/95/91 70–80 800 IU D3/day;
800 IU D3/day
+exercise

Placebo;
Placebo
+exercise

24 months TUG; leg extensor strength; chair stand
time; normal walking speed

5

Verhaar,
2000 (39)

10/14 ≥70 0.25 mg
alphacalcidol/day*1
month;
0.5 mg alphacalcidol/
day*months

None 6 months HGS; TUG; knee extension strength;
walking test

1

Zhu,
2010 (56)

129/132 70–90 1,000 IU D2/day Placebo 12 months TUG; low limb muscle strength 5
June 2022 | Volume 13 | A
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random effects model. There was significant heterogeneity
among studies (I2 = 68.5%, P = 0.001) (Figure 2).

Timed Up and Go Test
The meta-analysis of TUG included 8 studies (38, 39, 41, 47, 49,
50, 55, 56) with 937 participants supplemented with vitamin D
and 915 participants treated with placebo or a low dose of vitamin
D. Using a random effects model, we discovered an insignificant
decrease (0.044 s) in the TUG (95% CI = −0.979 to 0.892 s, P =
0.927) after vitamin D supplementation. Furthermore, the meta-
analysis manifested a significant heterogeneity among the studies
(I2 = 95.0%, P = 0.000) (Figure 3).

Subgroup Analysis
We did the HGS and TUG subgroups analysis based on age,
supplementation with calcium or not, vitamin D dosage (IU/day),
supplementation duration (month), and baseline vitamin D level.

The scores of the heterogeneity of the HGS subgroups analysis
were as follows: without calcium (I2 = 50.8%, P = 0.107); vitamin D
dosage ≥1,000 IU/day (I2 = 47.0%, P = 0.152); supplementation
duration <12 months (I2 = 74.0%, P = 0.001); baseline vitamin
D <75 nmol/L (30 ng/ml) (I2 = 45.6%, P = 0.102) (Table 2).

Meanwhile, the scores of the heterogeneity of the TUG
subgroups analysis were as follows: age >60 years old (I2 = 16.7%,
P = 0.308); with calcium (I2 = 95.6%, P = 0.000); vitamin D dosage
Frontiers in Endocrinology | www.frontiersin.org 5130
≥1,000 IU/day (I2 = 57.8%, P = 0.069); supplementation duration
<12 months (I2 = 76.1%, P = 0.002); baseline vitamin D >75 nmol/L
(30 ng/ml) (I2 = 16.9%, P = 0.307) (Supplementary Table).

Moreover, according to subgroup analysis, vitamin D
supplementation substantially raised HGS when compared to
baseline blood vitamin D levels >75 nmol/L (30 ng/ml) (WMD =
0.478 kg, 95% CI = −0.963 to 1.918, P = 0.003), without calcium
(WMD = 1.931 kg, 95% CI = 0.166 to 3.697, P = 0.032) and
subject to an age of more than 60 (WMD = 1.116 kg, 95% CI =
0.433 to 1.799, P = 0.001).

Publication Bias
Visual inspection of the funnel plot and Egger’s linear regression
test revealed no indication of publication bias in the meta-
analysis of vitamin D supplementation on HGS: P = 0.047 and
TUG: P = 0.954.
DISCUSSION

This meta-analysis aimed to see if vitamin D supplementation
might enhance the muscular strength and mobility of
postmenopausal women. The results of the meta-analysis of
the 13 trials included revealed a significant effect of vitamin D
FIGURE 1 | Flowchart of literature search for selection of trials. The selection process of the included trials has been shown in this figure. RCT, randomized
controlled trial.
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supplementation on the HGS of postmenopausal women, but not
on the TUG. Since the HGS refers to muscle strength while the
TUG represents locomotory function, it is considered that
vitamin D supplementation could be effective in improving
muscle strength in postmenopausal women. Thus, we assume
that vitamin D supplementation might first enhance the upper
extremities, but it is difficult to improve the strength of the lower
limb muscles, which are more used in stance and mobility.

Since the data for men and women were not presented
separately, trials that included both males and postmenopausal
Frontiers in Endocrinology | www.frontiersin.org 6131
women were eliminated. Trials for postmenopausal women with
diabetes (34), Parkinson’s disease (58), chronic kidney disease
(35), or other special situations (59, 60) that might affect their
mobility were also excluded. Moreover, some studies were
considered inappropriate due to the use of combined vitamin
D supplementation with other nutrients (61–65). All in all, 19
RCT trials were eventually included, and among them, 13 trials
(36–41, 47–50, 54–56) were suitable for meta-analysis. Most of
the studies were of medium to high methodological quality as
assessed by the Jadad scale.
FIGURE 3 | Forest plot displaying the effect of vitamin D supplementation on timed up and go test (TUG) using a random effects model. One study reported results
as two intervention groups received two different dose of vitamin D (Hansen 1 and Hansen 2). CI, confidence interval.
FIGURE 2 | Forest plot displaying the effect of vitamin D supplementation on hand grip strength (HGS) using a random effects model. One study reported results as
two intervention groups received two different dosages of vitamin D (Gao 1 and Gao 2). CI, confidence interval.
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Nonetheless, because the studies examined varied in most
dimensions, caution should be exercised in determining whether
the characteristics of the researched people are consistent.
Different techniques for measuring muscle function have been
reported by different investigators, and even when measuring
comparable parameters, separate methods have been used in
different trials, making it even more difficult to compare results
directly. For instance, muscle strength was measured in different
ways, such as HGS (36–41, 45, 47–49, 53, 54), low limb muscle
strength (56), and knee extension strength (39, 41). We used
HGS to measure muscular strength, which has recently been
proposed as a long-term predictor of fracture and mortality in
postmenopausal women (66), and TUG is viewed as an outcome
of mobility. Based on the findings of the included trials, taking
vitamin D supplements significantly improved the strength of
postmenopausal women. The primary outcomes of the
quantitative meta-analysis suggested that vitamin D
supplementation improved HGS (based on 9 studies) but
played an insignificant role in decreasing the time of the TUG
(based on 8 RCT studies). As a result, we concluded that vitamin
D supplementation had a favorable effect on improving muscular
strength in postmenopausal women.

However, the emerging reviews illustrate controversial
conclusions about the impact of vitamin D supplementation
on muscle function. Tabrizi et al. (67) and Abshirini et al. (68)
demonstrated that taking vitamin D supplementation had no
effect on markers of muscle function such as HGS and TUG in
postmenopausal women, whereas some RCTs suggested a
positive effect of vitamin D supplementation on muscle
function in postmenopausal women (69–71). In this meta-
analysis, however, we found a significant increase in HGS with
a non-existent decrease in TUG in postmenopausal women after
taking vitamin D supplementation. We assumed that the types of
vitamin D, the duration of the supplementation, and the dose of
vitamin D might account for the inconsistent conclusions as
shown in Table 1. Additionally, given that the included RCTs
displayed a high degree of heterogeneity, we conducted a
Frontiers in Endocrinology | www.frontiersin.org 7132
subgroup analysis to reveal the potential source of
heterogeneity. Following the subgroup analysis, we found that
vitamin D supplementation enhanced HGS in participants aged
no less than 60 years old, with a baseline level of vitamin D
greater than 75 nmol/L (30 ng/ml) and without calcium
supplementation during the period of the clinical trial.
However, vitamin D supplementation was not found to have a
significant effect on TUG from the results of any subgroup.

This study is the first meta-analysis to assess the effects of
vitamin D supplementation on muscular health in healthy
postmenopausal women enrolled in RCT studies. The strengths
of the study are manifest in the fact that the populations studied
were healthy postmenopausal women, and that the intervention
strategy emphasized vitamin D supplementation or its analogs.
However, there are also limitations in this meta-analysis, such as
that the stringency of our exclusion criteria resulted in a lack of
availability of physical activity, nutritional status, etc., which have
the potentially contribute to the lack of change in TUG.
Additionally, we also detected substantial heterogeneity between
the included trials due to the large number of studies included and
the diversity seen across different supplementation techniques. In
this meta-analysis, we likewise identified no dose–response effect,
which is likely due to the variety of supplementation programs
used in the included studies. Furthermore, the limited database we
searched was another flaw in this review.

The Asian working group for sarcopenia: 2019 consensus
updates on sarcopenia diagnosis and treatment, which were
published in JAMDA in 2020, suggested that interventions for
patients with sarcopenia should include vitamin D-containing
nutritional supplementation in addition to resistance exercise
(7). In this review, we could only verify that supplementing with
vitamin D is positively associated with muscle strength. This
could be explained by the singleness of the supplementation,
which we focused on in our review. The supplementation
included in this meta-analysis not only excluded interventions
such as branched-chain amino acids, whey protein, and other
nutritional supplements, but also excluded treatment with
TABLE 2 | Subgroup analysis of HGS.

Subtotal (n) Number of studies (n) WMD (95% CI) P-value

Age
>50 2,736 4 1.353 (−0.238; 2.944) 0.096
>60 870 4 1.116 (0.433; 1.799) 0.001
>70 623 2 −0.379 (−0.944; 0.186) 0.189
With calcium or not
with calcium 3,816 6 0.478 (−0.165; 1.122) 0.145
without calcium 413 4 1.931 (0.166; 3.697) 0.032
Baseline serum vitamin D level
<30 ng/ml 1,125 6 1.445 (0.486; 2.403) 0.527
>30 ng/ml 757 3 0.478 (−0.963; 1.918) 0.003
Vitamin D dosage (IU/day)
<1,000 2,769 3 0.206 (−0.218; 0.630) 0.341
≥1,000 847 3 0.161 (−0.911; 1.234) 0.768
vitamin D analogs 613 4 2.118 (1.024; 3.213) 0
Supplementation duration
>12 3,059 3 0.621 (−0.219; 1.461) 0.147
<12 1,170 7 1.193 (−0.090; 2.477) 0.068
June 2022 | Volume 13 | Article
WMD, weighted mean difference; CI, confidence interval.
863448

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhang et al. Vitamin D Supplementation Improves Handgrip Strength
resistance exercise, which is also considered an efficient means of
intervention in the consensus.

Additionally, in vitro and in vivo experimental studies have
demonstrated the beneficial effects of vitamin D supplementation
on sarcopenia, which could be explained by the fact that vitamin
D could bind to the VDR, which has been found in muscle tissue,
myoblasts, and muscle satellite cells (25, 26). Moreover, the lack
of vitamin D is suspected to cause muscle weakness by reducing
the number and size of type II myofibers (72, 73), which are age-
related fibers and the first to be recruited for balancing and
preventing falls. Those facts might explain the association
between circulating levels of 25(OH)D and muscle function in
postmenopausal women (74). Thus, future studies that
investigate the role of vitamin D supplementation on muscle
should include an analysis of muscle composition. Furthermore,
a recent study also reported an inverse relationship between
skeletal muscle fat and circulating 25(OH)D levels in young
women adults (75). Goodpaster et al. (76) and Liu et al. (77) have
also found similar results that skeletal muscle attenuation is
associated with the lipid content of skeletal muscle, which might
thereby emphasize the significance of further research on skeletal
muscle fat in postmenopausal women.

The findings of this systematic review and meta-analysis show
that although vitamin D supplementation did not improve
mobility, it did improve muscle strength, particularly in
postmenopausal women over 60 years of age who are without
calcium supplementation or whose baseline vitamin D is >75
nmol/L (30 ng/ml). These findings show that future trials should
focus on determining the ideal dosage and duration and taking
into account the several factors that may impair muscle
performance, such as exercise, calcium consumption, frailty, a
history of falls or fractures, and baseline vitamin D status, and the
relationship between muscle function and/or strength with
muscle composition.
Frontiers in Endocrinology | www.frontiersin.org 8133
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